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     ABSTRACT 
 
This thesis investigates the use of nutrients from biosolids to produce two valuable crops 
(canola and oats) as an alterative biosolids management strategy which can be used for energy 
production and livestock fodder and hence avoids the problem of potential food 
contamination.  
A two year field experiment was conducted at Western Water at Surbiton Park (WWSP) in 
2006 and 2007 to compare the responses of soil and plants to the applications of anaerobically 
digested dewatered biosolids and composted biosolids in canola (Brassica napus L.) and oat 
(Avena sativa) under a crop rotation regime in a clay loam soil. 
Dewatered biosolids and composted biosolids application rates were calculated based on the 
nitrogen limited biosolids application rates (NLBAR) for canola and oats and incorporated 
into the top10 cm of the soil depth on dry weight basis. In 2007, biosolids were reapplied at 
the same rates as in 2006, but the crops were rotated. 
Results of the first year field experiment showed that the optimum canola seed yields were 
recorded at 25 t ds/ha and 30 t ds/ha of dewatered biosolids and composted biosolids 
application rates, respectively (p <0.05) whereas, for the oat crop, the optimum seed yields 
were observed at the 25 t ds/ha and 50 t ds/ha for dewatered biosolids and composted 
biosolids, respectively (p < 0.001 and p < 0.05).   
In 2007 the optimum canola seed yields were recorded at 45 t ds/ha and 50 t ds/ha dewatered 
biosolids and composted biosolids rates respectively (p < 0.001 and p < 0.01). In the second 
year of the trial the oat crop was  infested with stem rust which negatively impacted upon the 
grain yield. At the optimum biosolids application rates the yields were significantly higher 
than those obtained from the fertilized control plots for both crops, with the dewatered 
biosolids treated canola and oats plots producing significantly greater yields than composted 
biosolids treated plots.   
Total N, P and S in dewatered biosolids and composted biosolids amended soils were 
significantly higher (p < 0.05) than the conventionally fertilized and untreated control plots 
and increased following high biosolids loading rates.  
The levels of total N, P and S in canola seed oil increased following biosolids applications. 
Despite increases in the quantity of oil in canola seed following biosolids applications, seed 
oil concentration was negatively correlated with concentrations of total nitrogen (TN) in 
canola seed.  
Even though the addition of both biosolids type expected to produce slightly higher oil yields, 
more N loading had negatively impacted the quality of canola seed oil, dewatered biosolids 
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rates at 5 t/ha and composted biosolids rates at 50 t/ha produced the highest canola seed oil 
content (45.2 and 47.5 %), respectively, and thus these application rates would be ideal for 
farmers who need to maximize the oil content to benefit from the bonification scheme. 
A significant increase in total and DTPA extractable heavy metals in biosolids amended soil 
were also noted showing an upward trend due to both biosolids applications. 
The DTPA extractable concentrations of Zn and Fe observed in the canola-oats cropping 
sequence were higher than the corresponding levels found in the oats-canola rotation. 
In the canola-oats cropping sequence considerably higher concentrations of soil total N and 
Olsen-P and DTPA extractable ( Cu, Zn, Fe) were observed than in the oats-canola cropping 
sequence. It is expected that this would be due to the increased up take of nutrients and metals 
by canola compared to oats in the first year of the experiment, reducing the N, Olsen-P and 
DTPA extractable ( Cu , Zn, Fe) concentrations in the canola plots. This might have led to 
higher concentrations of N and P and metals residues to be left in the oats plots in the second 
year of the experiment in the canola-oats rotation than in the oats-canola cropping sequence.  
The highest levels of total Cu and Zn recorded at the 65 and 70 t/ha dewatered biosolids and 
composted biosolids treated plots did not exceed the maximum EPA Victoria ceiling limits 
for Cu and Zn (300 and 250 µg/g) , for soils receiving biosolids for crop production (EPA 
Vic, 2004). 
If biosolids are applied at the recommended agronomic rate (1NLBAR for canola which is 
equivalent to 10 t/ha ds), dewatered biosolids may possibly be applied repeatedly for 64 years 
before reaching the Victorian EPA maximum ceilling limits for Zn. Using the same logic for 
the oat crop wherea 1NLBAR is equivalent to 11 t ds/ha , dewatered biosolids it would take 45 
successive years.  In practice, biosolids would be applied once in a crop rotation (for reasons of 
P management), therefore in reality it may take >200 years in total to reach the soil limits. 
Furthermore, the metal accumulation models are based on a cultivation depth of 10 cm, in 
practice the plough depth may be 25 cm, so the maximum concentration might not be attained 
for much longer.  
From the findings of this study, it is clear that the two biosolids types had different physical 
properties and nutrient compositions and behaviours, and thus the relevance and assumption 
of using NLBAR (nitrogen limited biosolids application rate) will not be valid for all types of 
biosolids products, as nutrient release properties of the two biosolids could be different and 
possibly depends on other environmental factors including temperature, moisture, crop and 
soil types. Therefore, it is suggested that biosolids application should take into account the 
soil and biosolids type and the specific site characteristics of the area receiving the biosolids. 
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Biosolids applications significantly affected the soil pH, with dewatered biosolids decreasing 
and composted biosolids increasing the soil pH.  The decrease in soil pH due to dewatered 
biosolids application was correlated with a significantly increased DTPA extractable metal 
concentration and this was positively correlated with metal uptake by both crops.  
The HNO3/H2O2 extractable heavy metals in canola and oats leaves also showed a significant 
increase due to biosolids applications. The uptake of Cu and Zn by canola crop was 
substantially higher than the corresponding concentrations observed in oats leaves. Significant 
positive correlations between DTPA extractable metals and their respective concentrations in 
plant tissue were also observed, suggesting that DTPA is a reliable estimator of plant 
available heavy metals in biosolids amended soil.  
Higher total N and extractable P concentrations were also observed in canola shoots than in 
oats treated with dewatered biosolids in both years of the trial suggesting that canola extracted 
more N and P  which was consistent with the higher biomass yield than oats; however, crops 
did not show any signs of toxicity or deficiency symptoms for N. 
Concentration of E.coli in dewatered biosolids and composted biosolids treated plots were not 
statistically different from the control plots and Salmonella species in biosolids amended soil 
were not detected. However, the concentrations of Clostridium perfringens varied slightly 
across the different dewatered biosolids treated plots showing no consistent trend in any of the 
plots receiving dewatered biosolids.   
The results of economic valuation of biosolids showed that the productivity method estimated 
a higher value (Aus $ 32.00) for one tonne of dewatered biosolids than the nutrient (N, P, K) 
replacement approach (Aus $ 20.54); conversely, there was no significant difference between 
the two techniques in estimating the value of one tonne of composted biosolids.  The energy 
value of total canola oil produced per hectare of land using the maximum (54 t/ha) dewatered 
biosolids application was estimated to be 59,670 MJ/ha which was significantly higher than 
the corresponding energy value (31,824 MJ/ha) of the canola oil produced using the 
maximum (94 t/ha) composted biosolids application.  
To fully utilize, the 957 tonnes ds anaerobically digested dewatered biosolids generated 
annually at WWSP  environmentally and economically sustainable way at the 5 t/ha to 25 t/ha 
ds per year for optimum canola seed oil yield production, for this, Wester Water (Surbiton 
Park) needs annually 38 to 191 ha of land. 
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DEFINITIONS 
Biosolids: Organic solids derived from sewage treatment processes that are in a state that they 
can be managed to sustainably utilize their nutrient, soil conditioning, energy, or other value 
(i.e. achieve minimum standards for classification as T3 and C2 biosolids). The solids that do 
not meet these criteria are defined as sewage sludge (EPA, Vic. 2004). 
C2/T3: (Contaminant grade 2 and treatment grade 3) require management during land 
application to ensure protection of the environment, public health and agriculture. 
Class A biosolids: Have undergone treatment to the point where the concentration of 
pathogens is reduced to levels low enough that no additional restrictions or special handling 
precautions are required by Federal regulations [40 CFR* Part 503]. If the Class A biosolids 
meet exceptional quality requirements for metals content, they may be sold in bags and 
applied in the same way as other soil conditioners such as peat moss. 
Class B biosolids: Have undergone treatment that has reduced but not eliminated pathogens. 
By definition, Class B biosolids may contain pathogens. As a result, Federal regulations for 
use of Class B biosolids require additional measures to restrict public access and to limit 
livestock grazing for specified time periods after land application [40 CFR Part 503]. This 
allows time for the natural die-off of pathogens in the soil. 
Contaminant grade: Grading category used to describe the quality of biosolids product 
based on the concentration of contaminants. 
Critical nutrient concentration: The nutrient concentration in the plant or specified plant 
part below which the nutrient becomes deficient for optimum growth rate. 
Effluent: liquid waste discharge such as residential and commercial sewage that has been 
treated to a quality suitable for a beneficial use. 
 
Environmentally friendly goods: are goods produced, used or disposed of in a way that has 
a reduced or minimal impact on the environment. 
Land disposal: Application of biosolids where beneficial use is not an objective. Disposal 
will normally result in application rates that exceed agronomic nutrient requirements or cause 
excessive contaminant accumulation in the soil. 
Least significant difference (LSD): The difference required for one treatment to be 
statistically different from another at the 95% confidence level, expressed in identical units.  
Lodging: When a standing crop is caused to lean or bend at 90 degrees due to adverse 
weather or soil conditions. 
Soil test (analysis) deficiency critical level: That concentration of an extractable nutrient 
element below which deficiency occurs and above which sufficiency exists. 
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Soil test (analysis) toxic critical level: That concentration of an extractable nutrient element 
above which toxicity is likely to occur. 
Sustainable use: The use of nutrients in biosolids at or below the agronomic loading rate 
and/or use of the soil conditioning properties of biosolids. Sustainable use involves protection 
of human health, the environment and soil functionality. 
Tillers:  shoots that sprout from the base of a grass. 
Treatment grade: Grading category used to describe the quality of biosolids product based 
on a combination of defined treatment processes, microbiological criteria and stabilization to 
reduce vector attraction and odour generation. 
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CHAPTER 1. INTRODUCTION 
 
                       
This thesis describes an innovative beneficial use of biosolids generated by Western Water at 
Surbiton Park (WWSP), Victoria, Australia. The study presents the findings from a two year field 
experiment in which canola and oats were grown as energy and fodder crops on biosolids 
amended soil. Two types of biosolids at various application rates were incorporated on a 
40×37m2 plot of land at the waste water treatment facility at WWSP.  
Seed and plant biomass responses of canola and oats to the applications of biosolids were 
evaluated under field conditions.  Nutrients and heavy metals in soil and plants and pathogens in 
the amended soil were measured; leaching potential of NO3-N was also investigated. 
The effect of cropping sequence on nutrients and heavy metal residues accumulated after two 
years of successive applications of biosolids was also examined. 
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1.1.  Biosolids under International context 
 
Biosolids are treated or stabilized sewage sludges produced by a variety of treatment processes 
including biological nutrient removal, trickling filter and lagoon based systems (EPA Victoria, 
2004).   
Sewage sludge or biosolids production on a global scale is growing as a result of increasing 
human population and industrial activities. In Europe, North America, Australia, and New 
Zealand, the government and waste water authorities have given considerable attention on how to 
enhance the management of wastewater sludge and biosolids and improve efficiencies, maximize 
utilization of beneficial aspects, and reduce potential impacts of managing biosolids. 
Table 1.1 shows the estimated sewage sludge production and population of various reporting 
countries; the data highlights that the higher-income countries have the most comprehensive 
infrastructure and treatment technologies (such as secondary and tertiary treatments) and produce 
the largest masses of wastewater sludge per person, whereas the middle-income countries 
included in Table 1.1 which have less-developed wastewater treatment infrastructure and collect 
and treat wastewater from lower percentages of their populations, produce far less wastewater 
sludge per person on a national level. This would imply steady increases in wastewater sludge 
production are likely in many parts of the world in the years to come.  
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Hence sewage sludge management is becoming increasingly an important environmental issue. 
There are various biosolids disposal techniques such as land filling, incineration and land 
application. Among these, agricultural land application is the most economical and 
environmentally attractive method of utilizing the nutrients from biosolids (Jeyakumar et al. 
2008).  
Since biosolids contain significant quantities of organic matter, moisture, nutrients and trace 
elements; they are increasingly being viewed as a resource for agricultural and waste water 
treatment sectors. Moreover, the addition of biosolids to soil can also improve soil properties 
such as porosity, bulk density, aggregate stability and soil water holding capacity (Epstein, 2002).  
Biosolids can also be composted or heat dried usually at thermophilic temperatures (> 550C) to 
remove water and destroy pathogens and reduce odorous compounds. Heat drying and 
composting usually produces high quality biosolids which can be used primarily in agriculture as 
a soil amendment and are valued for the organic matter content. Heat-dried biosolids are also 
Table 1.1 Estimated sewage sludge production and populations  of 
reporting countries, 2008 
Country Estimated Sewage Sludge 
Production (dry metric tonnes) 
Population 
 
Australia/NZ 360,000  21,262,641 
Brazil  372 188,078,000 
China 2,966,000 1,313,974,000 
Turkey 580 70,414,000 
Slovakia 55 5,439,000 
Hungary  120 9,981,000 
Japan  2000,000 127,464,000 
Canada  550 33,100,000 
Italy  1000,000 58,134,000 
Norway 86.5 4,611,000 
Czech Republic 200 10,235,000 
USA  6,514,000 298,444,000 
Portugal 237 10,606,000 
Germany  2,000,000 82,422,000 
United Kingdom  1,500,000 60,609,000 
Slovenia  57 2,010,000 
Finland  150 5,231,000 
Netherlands  1,500,000 16,491,000 
Adapted from: Global atlas of excreta, wastewater sludge, and biosolids management: 
moving forward the sustainable and welcome uses of a global resource. United Nations 
Human Settlements Programme (UN-HABITAT), 2008.  Edited by: Ronald J. 
LeBlanc, Peter Matthews, Roland P. Richard 
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considered as a fertilizer. They may be used as a supplement to other inorganic fertilizer material 
to increase the plant nutrient content (Epstein, 2002). 
The nitrogen content of composted biosolids is lower than heat-dried biosolids; hence, larger 
quantities can be applied to improve the soil physical properties.  
Indeed, conventional agricultural activities that focus on cultivation and the use of chemical 
fertilizers expose soil to erosion by wind and water. Chemical fertilizers supply no organic 
matter; however biosolids can be used as a remedy to this agricultural practice by enhancing soil 
organic matter content and nutrient reserves in the soil. In addition to this, the importance of 
utilizing the nutrients in biosolids is emphasized by the fact that natural phosphorus (P) reserves 
are expected to be depleted by the end of this century (Leblanc et al. 2008). 
 
1.2. Biosolids in Australia 
 
Australia and New Zealand currently produce approximately 360,000 dry tonnes of biosolids 
annually. The bulk of sewage sludge produced in Victoria is stockpiled, with only five percent of 
the sewage sludge applied to land (DSE, 2003). In contrast, over sixty percent of sewage sludge 
produced in US is land applied, with one percent utilized in agriculture (U.S. EPA, 2002). The 
long term trend in US is towards sustainable beneficial reuse of sewage sludge as a fertilizer. 
Similarly, the EU policy also supports the enhanced use of sludge in agriculture (European 
Commission, 2001). 
The cost of sludge/biosolids management is typically 40 to 50 percent of total capital and 
operating cost for wastewater treatment. The current average cost for biosolids management is in 
the order of $300/dry tonne, which equates to about $100 million per year.  
Victoria alone has a stockpile of some 1.7 million dry tonnes of biosolids, and will cost about 
$500 million to manage (Gale, 2007). It is estimated that total annual production in Victoria is 
approximately 66,700 dry tonnes, with around 60 per cent of that production coming from the 
major metropolitan treatment plants (EPA Vic, 2004).  
Hence, these stockpiles of biosolids need to be sustainably managed particularly for their nutrient 
and organic matter content. 
 
1.3. Land application 
Certainly, crop farming can reduce soil fertility, particularly in soil organic carbon and soil N 
(Haynes et al., 2003). Land application of biosolids has received increased attention in the last 
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two decades (Robinson et al., 2002; During and Gath, 2002) and helps to replenish the reduced 
soil organic matter, provide nutrients such as N, P, S and essential micronutrients to plants and 
biosolids possess beneficial effects on microbial biomass and activity (Eriksen et al., 1999; 
Leifield et al., 2002).  
The need to effectively deal with the disposal of sewage sludge and biosolids continues to be a 
challenge as the population increases. Land application of biosolids is becoming the favoured 
disposal option in many parts of the world because of the recognized benefits that biosolids can 
bring to soil. These benefits include increased organic matter content, improved soil structure and 
water infiltration (Morel and Guckert, 1981; Oberle and Keeney, 1994; Joshua et al., 1998; 
Johansson et al., 1999), and improved soil fertility and productivity (Peverly and Gates, 1994; 
Mosquera-Losada et al., 2001; Bhogal et al., 2003).  
The application of biosolids to agricultural land increases the possibility of recycling valuable 
nutrients and organic matter and usually reduces the need for commercial fertilizers. It also 
reduces environmental and economic considerations that limit disposal in landfills, incineration 
or ocean dumping (Oliver et al., 2005; Singh et al., 2007). 
Direct land application can be used beneficially in agriculture, forestry, and land reclamation. 
The biosolids can be applied either in a liquid form with low solids or as a semisolid following 
dewatering. Direct land application for beneficial use involves some form of partial stabilization 
such as digestion or alkaline stabilization (Epstein, 2002). 
Australia has some of the most infertile soils in the world, as a consequence of the antiquity of 
the continent and extensive weathering of soils. This results in low levels of soil nutrients, 
particularly phosphorus. Historically Australian soils are deficient in P, N, K and some trace 
elements. Many agricultural soils are also deficient in both macronutrients (N, P and S) and 
micronutrients (Potter et al., 1999). Widespread low phosphorus levels have severely retarded 
biological activity in many soils; as a consequence, the shallow topsoil over large areas is low in 
organic matter and has poor structure. In addition, many of the sub soils have high clay contents, 
coarse structure and low permeability, and several contain appreciable amounts of sodium salts.   
The agricultural system in Australian largely depends on the continued use of major and minor 
nutrient fertilizers to replace nutrients removed from the soil in harvested produce, lost via 
surface run-off or leaching or being bound to soil particles and made unavailable (NBRP, 2007). 
Consequently, given the substantial amounts of biosolids annually generated by waste water 
treatment plants and the high cost of biosolids management, recycling and use of nutrients and 
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organic matter contained in metropolitan wastewater biosolids in agriculture is potentially a 
better option from both an environmental and economic perspective. 
 However, biosolids usually contain high levels of P, N and heavy metals, which may      either 
accumulate or leach in soils when applied at high rates (Bhogal et al., 2003; King and Hajjar, 
1990; MacLean et al., 1987; McGrath, 1987). Elevated levels of heavy metals have the potential 
to cause environmental impacts, such as plant and microbial toxicity and food chain and ground 
water contamination (Bhogal et al., 2003; Chang et al., 1987; Chaudri et al., 2000; Dahlin and 
Witter, 1993; Zwarich and Mills, 1982). Hence, knowledge of the physical and chemical 
properties of biosolids applied to land is crucially important, particularly the total and the 
potentially bioavailable forms of nutrients and heavy metals.  
 
The National Biosolids Research Program (NBRP) 
 
Long term repeated agricultural land application of biosolids may increase heavy metals levels in 
the soil and plant system. Regarding the issue of heavy metals, various research projects began 
internationally since 1970s; however, the significance of this work to the existing Australian 
agricultural system was not clear. Moreover, the available relevant data on heavy metals risks 
from biosolids were confined to small number of sites in New South Wales, thus there was little 
evidence to substantiate whether these relationships (i.e. to use the data generated in NSW for 
other Australian soils and climatic conditions) were under-or-over protective across the various 
Australian soil and agricultural system. Because of these reasons, the National Biosolids 
Research Programme (NBRP) consisting of a coalition of seven research agencies around 
Australia was established in 2002 to coordinate the research activities across States relating to the 
benefits and risks of utilizing biosolids in agriculture. 
Table 1.2 below summarizes the chemical properties and nutrient compositions of the various 
biosolids used across the States during the National Biosolids Research Program. As shown in 
Table 1.2 the concentration of Zn in the biosolids was higher than Cu across all the States with 
the exception of West Australian biosolids, in which high concentrations of Cu and  nitrogen 
could possibly limit repeated application of biosolids in the long term.  
Biosolids from Queensland had the highest total P level compared with the rest of the States 
which requires particular emphasis on P management. The pH of the biosolids ranged between 
4.6 acidic in Victoria (East Gippsland and New South Wales) and 7.4 near neutral in South 
Australia. 
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Table 1.2 Selected chemical properties of the various biosolids used for the National Biosolids Research Program   
Biosolids source and name Sites applied EC 
 
pH 
 
CEC 
 
TC 
 % 
T N  
(%) 
TP  
(%) 
NH4-N 
(µg/g) 
NO3-N  
(µg/g) 
CdT  CuT   ZnT  
SA Bolivar  air dried SA 6.3 7.4 35 6.3 0.77 0.8 28 1690 1.8 315 435 
SA Bolivar dried Lagoon SA 7.0 7.4 28 8.6 0.98 1.0 49 1370 2.2 340 500 
Vic Goulburn valley  Water Dookie 3.8 7.1 24 6.5 0.83 0.3 89 1420 1.4 65 180 
Vic North East Water Dookie 6.5 5.0 49 11.6 2.03 2.5 480 4010 0.9 100 300 
Vic Dutson Downs Gippsland  Dutson 6.8 5.6 61 20.4 2.45 1.1 3280 3910 <0.5 70 180 
Vic Dutson Downs East Gippsland Dutson 4.1 4.6 21 10.6 1.25 0.3 82 2580 1.0 150 290 
NSW Malabar STP NSW 4.1 7.6 32 20.2 1.55 1.4 1480 104 5.4 420 650 
NSW Bondi STP dewatered  NSW 5.9 6.2 37 28.7 2.50 1.1 3560 357 4.6 880 870 
QLD Noosa QLD 2.9 6.8 84 27.2 4.79 4.7 480 22 1.9 355 495 
QLD Luggage point QLD 7.6 6.6 68 32.8 5.72 2.7 4660 3 3.5 830 1705 
WA Woodman point  WA 4.4 6.9 68 32.2 5.17 1.5 4520 4 2.0 1500 900 
WA Beenyup WWTP  WA 4.3 6.8 60 34.7 5.54 2.0 4480 3 1.4 1170 615 
 
 EC= electrical conductivity expressed in dS/m, pH CaCl2. CEC = cation exchange capacity (expressed in cmol (+)/kg and the subscripts “T” refers to total 
concentrations of Cd, Cu and Zn expressed in µg/g.  Values indicate on dry weight basis 
Adapted from the NBRP Draft position paper 
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Results of preliminary metal hazard assessment by the NBRP showed that Cd, Cu and Zn were 
the main metals of concern. Cadmium was chosen because of food chain concerns, whereas Cu 
and Zn were considerably higher in most biosolids and may affect environmental health. Thus, 
the NBRP determined critical soil concentrations for Cd, Cu and Zn that negatively influenced 
crop productivity and microbial processes across all NBRP sites. They suggested that the 
proposed heavy metal limits mainly depended on soil properties predominantly pH, organic 
matter, clay content and cation exchange capacity of a particular site. 
Although, plant nutrients (N and P) were not the main focus of the NBRP, some experiments 
were conducted in the spring/summer growing seasons in Southern Queensland and indicated that 
the mineralization of biosolids were up to 3 times higher than the estimated rates of 15 and 25 % 
for anaerobically and aerobically digested sewage sludges, indicating rapid mineralization of N 
from biosolids (NBRP, 2007).  
The Queensland field results were further verified and confirmed under laboratory conditions, 
that loss from denitrification was greater than losses from volatilization and much as 30 % of the 
N in biosolids was mineralized during the 3 months period after land application. 
Regarding P management on biosolids amended land, the NBRP also suggested if biosolids are 
applied based on crop N requirement, excess P may accumulate and may result in a substantial 
off-site P movement in run-off or leachate contributing to eutrophication of aquifers. 
Thus, for efficient management of N and P, the NBRP recommended that a national approach 
needs to be devised taking into account a range of soil properties and the various biosolids 
generated from different waste water treatment plants to improve the current biosolids guidelines 
and fertilizer advice. 
 
Victorian component of the NBRP 
 
With 66,700 dry tonnes biosolids produced annually, the Victorian water industry faces a major 
challenge to manage the biosolids. There is little space for expanding stockpiles and restrictions 
on landfill sites receiving biosolids and hence sustainable management biosolids is an issue that 
needs to be addressed. 
As part of the (NBRP), Plant, soil and microbial measures from five biosolids and two metal salt 
trials were conducted in Victoria from 2003 to 2006 by the Victorian Department of Primary 
Industries in collaboration with the CSIRO (, NBRP, Vic. Component 2007). 
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The biosolids trials were conducted at Dutson Downs (cropping), Dookie (cropping), Melton 
(cropping), Pakenham (pasture) and Mildura (grape vines) which were planned to determine the 
effects of biosolid-derived nutrients and metals on the plant/soil system for a range of crops and 
soil types.  
Biosolids were applied at six application rates at each trial site and compared to mineral fertiliser 
and control treatments. The biosolids application rates were computed using the annual nitrogen 
requirement of each crop and the nitrogen content of the biosolids (NLBAR). Soil and plant 
samples were analysed to determine crop production and the concentrations of nutrients and 
metals in the plant/soil system. Soil was sampled on two occasions; soon after the application of 
biosolids and at harvest. Field crops were sampled at mid-tillering (8-12 week growth stage) and 
at harvest. Pasture (ryegrass/clover) was sampled at seven targeted times over three years. The 
grapes were sampled from the vines annually. 
Two metal salt trials were also conducted at Dookie and Dutson Downs. These trials were 
designed to investigate the response of plants and biota to three metals commonly found in 
biosolids; cadmium, copper and zinc. The soils were sampled after the metal salts were applied to 
the plots and at each harvest. Plants were sampled at mid tillering (8-12 week growth stage) and 
at harvest. As for the biosolids trial, plant and soil samples were analysed to determine yield, 
metal concentrations and microbial activity (NBRP, Vic. Component 2007). 
Results of the findings showed that increased biosolids application rates increased phosphorus 
and nitrogen concentrations in soil as well as making the soil pH more neutral. These effects 
decreased over time. Overall grain yield in biosolids treatments decreased compared to the 
control but this may have been due to a lack of soil moisture in the grain development stage.  
While biosolids generally had a negative effect on grain yields, at Dookie the recommended 
biosolids applications rate of 1 NLBAR resulted in increased dry matter and grain yield in years 1 
and 3. This was also apparent at other rates. At Melton an increase in grain yields was observed 
in the final year at and above 1.5 NLBAR.  
Soil microbial function was either stimulated or unaffected by the application of biosolids  
In general, biosolids applications increased plant production and had little effect on soil microbial 
health at the five Victorian trial sites. The main metals investigated Cu, Zn and Cd increased in 
the soils and in crops at higher biosolids application rates but the concentrations were not enough 
to result in bioaccumulation or toxicity effects because of the low concentration of these metals in 
the biosolids. Some of the applied N and P was seemingly utilised by plants but the portion of N 
and P that are not utilised by the crop particularly in the higher application rates could either 
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contribute to a pool of N and P in the soil or be exported and pose off site environmental 
concerns. 
The Victorian component of the NBRP has not investigated the details of nutrient behaviour in 
biosolids amended soil particularly nutrient and metals behaviour under crop rotation regime, 
rather the NBRP nutrient work was focused on sites in Queensland (N and P) and in Western 
Australia (P), therefore this study focuses on nutrient (N, P and S) and heavy metals behaviour 
with emphasis given on crop rotation under the specific South Melton environmental conditions 
in Victoria( NBRP, Vic. Component 2007). 
 
1.4. Western Water at Surbiton Park (WWSP) 
 
Western Water is one of Victoria’s 13 regional urban water corporations which provide water and 
sewage services to over 53,000 properties and 134,810 people in an area of 3,000 square 
kilometers. 
The region extends from Lancefield in the north to Melton and Rockbank in the south and from 
Myrniong in the west to Bulla in the east. It incorporates parts of Hume City Council and Melton, 
Moorabool and Macedon Ranges Shire Councils. Western Water’s region is a combination of 
urban and rural living. A significant proportion of the land is devoted to agricultural uses, 
particularly grazing and cropping. 
Western Water operates four lagoon based and three mechanical treatment plants. Biosolids 
generated at the lagoon based treatment plants continuously accumulate in the lagoons with 
biosolids removal occurring as required. The mechanical recycled water plants continuously 
generate sludges which need to be managed on a daily basis (Figure 1.1). 
The Western Water purification centre at Surbiton Park situated close to Melton treats mainly 
domestic effluent with only light industrial discharges to the plant (Western Water Environment, 
2008).  
The annual production of biosolids at WWSP in 2007/08 was 957 dry tonnes with 15-18 % solid 
content. Biosolids are categorized by EPA Victoria based on the contaminant concentration in the 
biosolids (contaminant grade) and the microbiological quality post treatment (treatment grade). 
The biosolids used in this project from WWSP were categorized as T3/C2 (treatment grade 3 and 
contaminant grade 2) (EPA, Vic. 2004). 
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For the past 20 years, liquid sludge (approximately 10,000 m3 with 2-3% solid content/year) 
generated by WWSP was disposed of in a controlled manner on a disposal site. However, there 
was evidence of an adverse impact on the groundwater at the disposal site due to these practices.  
During 2007, WWSP began exploring options to cease disposal of liquid sludge. A sludge 
dewatering facility (belt press) was installed in December 2007, which converts the liquid sludge 
into a more solid form; currently the plant treats liquid sludge from the recycled water process to 
produce biosolids with low moisture content. The environmental benefits resulting from this 
facility include the reduction of a source of potential groundwater pollution through the 
production of a usable biosolids by-product with low moisture content and beneficial properties. 
However, biosolids generated at WWSP are being stockpiled and hence at present there is a 
strong need for alternative methods of utilization (Western Water Environment, 2008). 
Western Water developed a biosolids policy in 2007 with the aim of maximising the beneficial 
use of biosolids by adopting sustainable and environmentally acceptable biosolids management 
practices. A Biosolids Reuse Strategy was also formulated in accordance with Western Water’s 
Biosolids Policy and the relevant State and Federal policies to ensure that Western Water meets 
its commitment to 100% beneficial reuse of its biosolids for the 2008-2013 regulatory periods. 
The strategy recognises Western Water’s partnership with the Royal Melbourne Institute of 
Technology (RMIT University) (Western water Environment, 2008). 
 
 
 
 
 
Figure 1.1 Waste Water treatment facility at Western Water Surbiton Park (WWSP) 
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1.5. Significance of the study 
 
The search for environmentally safe and economically feasible techniques of sewage sludge 
disposal is a challenge to wastewater treatment facilities.  
Disposal options include landfill, incineration, ocean dumping and land application. Among the 
various options, beneficial use of biosolids through land application represents an 
environmentally and technically feasible alternative for managing biosolids (McFarland, 2001; 
USEPA, 2000). Because biosolids are rich in nutrients, land application is an efficient way to 
recycle these nutrients onto soils. Moreover, agricultural land application of biosolids has a lower 
capital investment than other biosolids management technologies such as surface disposal or 
incineration (USEPA, 2000). However, relatively high levels of potentially toxic trace metals 
such as Cu and Zn usually present in sludge from heavily urbanized and industrialized areas, can 
pose a risk to the environment unless well managed (Moolnaar, 1998; McBride, 1999).  
Although, the major move toward sewage sludge management in Victoria has historically 
involved a progressively increasing stockpile, the Government and the water industry have 
acknowledged that this trend is not a sustainable management option (Reid, 2002). Not only is 
ongoing stockpiling contrary to obligations under the waste management hierarchy (reuse, 
recycling before disposal), it delays the costs associated with management since stockpile areas 
will eventually need remediation and rehabilitation. 
The realization that continued stockpiling is not a sustainable management approach, led to the 
formation of a water industry-government working group coordinated by the Department of 
Natural Resources and Environment (NRE) to formulate a strategic, triple bottom line based 
approach for improving management practices (Reid, 2002). 
At present, Australian National and State guidelines controlling metal contaminant concentrations 
in biosolids and biosolids-amended soils (NSW EPA, 1997; SA EPA, 1997; DPIWE, 1999; WA 
DEP, 2002; EPA Vic., 2004; NRMMC, 2004) are based on single values for all soil types and 
essentially follow European regulations and research (McLaughlin et al., 2000).  
However, there are significant differences between European and Australian agricultural soils 
and Australian biota might be more or less sensitive to metal contaminants. European toxicity 
values to protect soil quality may thus be unsuitable for Australian soils, biota and climatic 
conditions.  
To generate valuable information that can fit with the wider Australian agricultural context, the 
NBRP was established. However, while most of NBRP’s work has focused on the derivation of 
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soil quality guidelines for Cd, Cu and Zn as contaminants, they recommended that a national 
approach needs to be organized to effectively deal with N and P management on a biosolids 
amended land in order to develop guidelines for N and P management under different 
temperature, soil moisture and other climatic factors encountered under Australian conditions 
(NBRP, 2007).  
Results obtained in the process of producing this thesis add to the knowledge of the behaviour of 
N and P in soils and plants and S in soil following land application of biosolids. It also includes 
heavy metals residues in soil and uptake by plants, where in this particular case, the biosolids 
used were dewatered biosolids and composted biosolids and the soil was a clay loam soil. 
The realistic scale of the design of the field experiment enabled the generation of quality data 
specific to agronomic and environmental parameters. Thus, information generated from this 
research will be of relevance particularly to WWSP and to government and industries involved in 
land application of biosolids. It will also contribute some inputs to further refine the Victorian 
guidelines for land application of biosolids.  
The findings of the study also add more critical information to appropriate research and 
development institutions working on agricultural land application of biosolids.  
A major concern for sustainable utilization of nutrients from biosolids requires using nutrients 
efficiently and preventing off farm movement. Hence, there are considerable information gaps 
surrounding ways to improve the efficiency of the use of biosolids nutrients (Bell, et al., 2006). 
One of these gaps which is partially addressed in this thesis is the extent of nutrient leaching 
down the soil profile in an irrigated system. 
Indeed, there is a considerable research conducted on the environmental effects of agricultural 
land application of biosolids, however, long term research on the usage of biosolids on crop land 
is still needed since many of its effects such as organic matter enrichment and the possible 
accumulation of toxic elements in the soil evolve slowly and are difficult to predict (Mc Grath, 
1984; Bergkvist et al., 2003; Gaskin et al., 2003). 
Australian and State guidelines are periodically being reviewed to incorporate new and relevant 
research findings and ensure the appropriateness of the document (Gough and Fraser, 1995; 
Barry et al., 1995; Gibson et al., 2002). In particular, no study has been reported in the literature 
on the impact of crop rotation in Australia on N, P and heavy metal accumulation in biosolids 
amended soil after crop harvest under field conditions. Moreover, the benefits of land application 
of biosolids to crop growers need to be evaluated on crop rotation basis (Karen et al., 1995) 
taking into account N, P and heavy metals residual effects on the subsequent crops (Binder et al. 
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2002). Certainly, biosolids are valuable resource and supply the necessary plant nutrients, hence 
the economic valuation of biosolids as environmental goods in the production of crops in 
biosolids amended soil needs to be investigated. 
Hence, the literature suggests that there is a considerable research gap in Australia and 
particularly in Victoria with respect to nutrient and heavy metals accumulation in soils on which 
biosolids have been applied under a crop rotation regime. The experiments described in this study 
address a number of these issues. 
 
Aim and objectives 
 
The aim of this study was to investigate environmentally and economically sustainable and 
productive cropping management options for dewatered biosolids and composted biosolids from 
Western Water, Victoria. Canola and oats were chosen for this experiment, because the farmers 
around the Melton area grow canola for oil or energy production and oats for livestock fodder 
purposes. Growing these crops for energy and livestock production eliminates potential 
contamination issues. 
Moreover, these crops have different rooting systems and can be rotated under the existing 
farming system around Melton and adjacent to the experimental site at Wester Water Surbiton 
Park (WWSP). 
 
  The specific objectives were to investigate: 
 
• the effect of incorporating biosolids at various application rates on the seed, plant 
biomass, oil yield and yield components of canola and yield and yield components of oats 
under a crop rotation regime 
• the optimum biosolids application rate to maximize crop production without 
contaminating the receiving soil with excessive nutrients and heavy metals in a clay loam 
soil 
• the effect of application of biosolids on soil pH  and EC of the amended soil  
• the impact of land applied biosolids on bioavailability and accumulation of elements of 
concern in plants and in amended soil under field condition 
• the impact of soil pH on heavy metals and P solubility in biosolids amended soil 
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• the effect of cropping sequence ( canola/oats vs oats/canola) on the fate of elements in soil 
following biosolids application 
• the level of pathogens (E.coli, Clostridium perfrengens and Salmonella spp)  surviving in 
biosolids amended soil after crop harvest 
• the economic value of biosolids as environmental goods in the production of canola and 
oats 
 
Arrangement of the Thesis 
 
The first chapter has presented a general introduction and overview of the research undertaken, 
whereas Chapter 2 focuses on the review of the various literatures available relevant to the 
research topic investigated. The review section focuses on the effect of using various types of 
sewage sludge and biosolids types on the nutrient and heavy metal status of a range of soil and 
plant types. It also describes the survival of pathogens in biosolids amended soil and plants. The 
laboratory procedures and the details of the field experimental design used for the two year 
period of study are presented in chapter 3 followed by soil and plant sampling procedures and the 
details of the analytical techniques employed to determine nutrients and heavy metals in soil and 
plants and the levels of pathogens. Chapter 4 evaluates and compares yield responses of canola 
and oats to varying applications of biosolids and it further describes the impact of biosolids 
applications on concentrations of canola seed oil.  
Bioavailability and accumulation of total and extractable heavy metals in biosolids amended soil 
is the subject of Chapter 5. In this chapter, the uptake of heavy metals by canola and oats and 
their relationship with extractable soil concentrations is also presented. 
The influence of biosolids applications on the levels of total and extractable N and P in soil and 
in plants is discussed in Chapter 6. This Chapter also explains the changes in the S status of the 
soil due to biosolids applications and further discusses the influence of cropping sequence on the 
levels of N and P residues left after two years successive applications of biosolids. 
The assessment of pathogen in biosolids amended soil is presented in Chapter 7. Chapter 8 
focuses on the economic assessment of the value of biosolids from the productivity and nutrient 
replacement perspectives. This chapter further discusses the optimum amount of canola oil that 
can be produced from a hectare of land at the optimum biosolids application rates and its 
estimated energy value.  
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2 
CHAPTER 2. LITERATURE REVIEW 
 
         
Introduction 
 
This review is concerned with biosolids which are stabilized sewage sludge produced through the 
biological treatment of sewage sludge. Biosolids contain substantial amounts of plant nutrients, 
organic matter and micronutrients and are considered as a resource for the agricultural sectors.  
Once treated to specified minimum standards they can be utilized for their nutrient, soil 
conditioning, energy, or other valuable properties. The solids that do not meet these minimum 
criteria are defined as sewage sludge (EPA Vic., 2004).  
The review particularly focuses on the responses of soil and plants to the application of nutrients 
from anaerobically, aerobically digested dewatered biosolids, composted biosolids, fresh sewage 
sludge, heat treated biosolids, municipal solid wastes and other sludge types with some 
comparisons with conventional fertilizers under field and glass house conditions. 
It also evaluates the responses of various crops to different biosolids applications in terms of 
plant biomass, nutrient uptake and the associated potential problems including pathogens, heavy 
metals and nutrients accumulated in organic wastes amended soil and plant system. 
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2.1. Historical perspectives of land application of Sewage sludge and 
biosolids  
 
Land application of wastes has been a common practice since Biblical times (Deuteronomy 
23:13 and Judges 3:20). The benefits of basic sanitation to society were realized by the 
Greek and Romans (Epstein, 2002).  
In the 16th century, effluents were being used for crop production in Bunzlau, Germany. This 
practice began in 1550 and continued for 300 years (De Turk, 1935). Jewell and Seabrook, 
(1979) cited Gerhard, (1909), who indicated that the earliest documented sewage farm or 
sewage irrigation system, was in Bunzlau in 1531. 
In 1859, in England, a Royal Commission on Sewage Disposal proposed the application of 
town sewage to land as a means of keeping it away from the river and hence preventing river 
pollution (Webber and Hillard, 1974). Another early sewage farm was established in 
Edinburgh, Scotland around 1860. By 1876, 35 towns in Britain used land treatment. Large 
sewage farms were established in Paris, France (1869) and in Berlin, Germany (1874). 
The production of crops using sewage sludge irrigation was also practiced as early as 1872 in 
Augusta, Maine (Jewell and Seabrook, 1979). 
Some limited land application was practiced after the beginning of sewage treatment in the 
1880s and utilization of sewage sludge as organic amendment was recognized after the 
initiation of sludge activation processes (Noer, 1926).  
Anderson (1959) stated that the use of sewage sludge as a fertilizer in USA dates essentially 
from 1927, when a large activated sludge treatment plant went into operation for the city of 
Milwaukee, Wisconsin demonstrating the utilization of biosolids as fertilizer from 1930 to 
1957.  
 
2.2. Waste water treatment processes  
 
Waste water treatment plants use a combination of primary, secondary and tertiary 
wastewater treatment processes. The solids from these three stages are sent to a digester to 
allow anaerobic bacteria to break down the organic sludge into methane and other gases 
reducing pathogens and offensive odours. This makes the sludge less attractive to flies and 
insects. Digested sludge is withdrawn from the bottom of the digester into the sludge holding 
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tanks. The sludge holding tanks store the digested sludge until it can be pumped and 
transported for various uses. 
 
   
 
 
Figure 2.1 The various waste water treatment processes and biosolids production stages 
employed in waste water purification centers. 
Source: http://www.nps.gov/plants/restore/pubs/biosolids/what.htm 
 
 
Further treatments includes various stabilization techniques such as aerobic and anaerobic 
digestion, alkaline stabilization, composting and heat drying which increase the quality and 
beneficial uses of biosolids particularly for land application and other uses (Western Water, 
2003a). Figure 2.1 shows the different waste water treatment stages and the production of 
biosolids. 
 
2.3. Biosolids classification 
 
In Australia, classification of biosolids is based on two criteria, these are, the concentrations 
of contaminants in the biosolids and the microbiological quality after passing the treatment 
processes. Thus biosolids are classified as contaminant grade (C1 or C2) and treatment grade 
(T1, T2 and T3) which are derived from the treatment technology employed, microbiological 
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norms and measures used to reduce bacterial regrowth, vector attraction and odour (EPA 
Vic., 2004).  
Table 2.1 shows the chemical contaminants limits for C1 and C2 biosolids, whereas Table 
2.2 depicts the microbiological criteria used to classify biosolids according to EPA Victoria. 
The categorization of biosolids based on treatment and chemical grade and their allowable 
end uses are also summarized in Table 2.3 
Biosolids can also be classified as unrestricted and restricted, with the restricted material 
(e.g. C2/T1, C1/T1, and C2/T3) entailing management during land application to ensure 
protection of the environment, public health and agriculture.  
 
Table 2.1 Chemical contaminant limits for C1 and C2 biosolids and the ceiling 
concentration Limits for biosolids the receiving soil (µg/g). 
Source: Victorian Environment Protection Authority, Guidelines for Environmental Management, 
Biosolids Land Application, EPA, Victoria, (2004). 
The superscripts 1 refers to Chromium (III) limit due to expectation that this will be the dominant 
form, 2 stands for Cu concentrations of 150 mg/kg  limit for biosolids products composted to AS 
4454 and 3 refers to  Zn concentrations of 300 mg/kg zinc limit for biosolids products composted to 
AS 4454. 
 
 
 
 
 
 
 
 
Chemical Contaminant Maximum Limit in Grade C1 biosolids 
(µg/g) and  Maximum for Receiving Soil 
Contaminant Limit 
Maximum Limit in 
Grade C2 biosolids  
Arsenic ( As) 20 60 
Cadmium (Cd) 1 10 
Chromium1 (Cr) 400 3000 
Copper (Cu) 100 ( 150)2 2000 
Lead (Pb) 300 500  
Mercury (Hg) 1 5 
Nickel (Ni) 60 270 
Selenium (Se) 3 50 
Zinc ( Zn) 200 ( 300)3 2500 
DDT,DDE, DDD 0.5 1 
Organochlorine 
pesticides 
0.05 0.5 
PCBs 0.2 1 
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Table 2.2 Classifications of biosolids based on microbiological criteria and the 
maximum EPA Victoria recommended ceiling limits for E.coli, Salmonella and 
Enteric viruses under each treatment grade category (values on dry weight basis) 
                                                Pathogens  
Treatment 
Grade 
E.coli   Salmonella  Enteric viruses  
T1 < 100 MPN /g < 1/ 50g ≤ 1 PFU/ 100 g 
T2 < 1000 MPN /g < 10/ 50g < 2 PFU/ 10 g 
T3 < 2000,000 MPN /g - - 
The values shown above are used for verification and routine monitoring. 
 MPN and PFU refer to maximum probable number and plaque forming units 
Adapted from Guidelines for Environmental Management, Biosolids Land Application, Environment 
Protection Authority, Victoria, 2004 
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Table 2.3  Classification of biosolids based on treatment and chemical grade and their permissible end uses 
                                                                                  Restricted Uses  
Unrestricted 
                                        Agricultural Uses                         Non-Agricultural Uses 
Treatment 
grade 
Chemical 
grade 
  Food crops 
consumed raw 
in direct 
contact with 
biosolids 
Dairy and cattle 
grazing/fodder 
(poultry), food 
crops consumed 
raw but not in 
direct contact 
Processed 
food crops 
Sheep grazing and 
fodder ( horses, 
goats), on food crops, 
woodlots 
Landscaping 
(unrestricted 
public access) 
Landscaping, 
(restricted public 
access), forestry, 
land rehabilitation 
T1 C1 √ √ √ √ √ √ √ 
T2 C1 Χ Χ √ √ √ √ √ 
T3 C1 Χ Χ Χ √ √ Χ √ 
T1 C2 Χ √ √ √ √ √ √ 
T2 C2 Χ Χ √ √ √ √ √ 
T3 C2 Χ Χ Χ √ √ Χ √ 
The symbol √ refers to the biosolids grade that will generally be acceptable for the end use. Biosolids grades less than T1C1 will be subject to management controls, whereas Χ 
indicates the biosolids of this quality are not acceptable for the end use (would require a risk assessment and site specific EPA approval/licensing). 
Adapted from Guidelines for Environmental Management, Biosolids Land Application, EPA Victoria, 2004 
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Contaminant grade C1 biosolids are the highest quality biosolids with low contaminant 
levels and specific management control by the end users is not required. The C1 limit has 
been derived for individual contaminants based on a conservative setting-protecting the most 
sensitive land use from the application of biosolids as a complete topsoil replacement. As a 
result, the C1 limit is adopted from the most rigorous soil investigation values for protection 
of human health in residential areas, for instance protecting children who come into contact 
and ingest soil according to the Health Investigation Level (HIL) in the National 
Environment Protection Measure (NEPM 1999).  The C2 limit offers the maximum ceiling 
concentration above which contaminant levels are regarded as excessive (EPA Vic., 2004). 
 
2.4. Physicochemical characteristics of biosolids 
 
Since the character and quality of biosolids determine their use for land application, the 
physical characteristics of biosolids are categorized into three categories: physical, chemical, 
and biological. Physical properties affect the method of application, as well as the soil’s 
physical and chemical properties. Several of these physical properties have an important 
effect on plant growth. They can affect the availability and accumulation of plant nutrients 
and trace elements. The important physical characteristics are solid content, particle size and 
moisture content. 
Chemical properties have an effect on plant growth as well as the soil’s chemical, biological 
and physical properties. The important chemical characteristics include pH, soluble salts, 
plant micro and macro nutrients, organic chemicals, essential and non-essential trace 
elements to humans and animals. The chemical properties of biosolids are determined by 
several factors which includes quality of waste water, extent of treatment (primary, 
secondary, tertiary), use of chemicals (ferric chloride, polymers etc) and method of 
stabilization (e.g. lime treatment) (Epstein, 2002). 
Biological properties effect the soil’s microbial population and decomposition of organic 
matter in soil, the environment and human health (Epstein, 2002). Biosolids contain different 
types of microorganisms; several of them can be beneficial whereas others may be harmful 
to humans, animals and plants. 
The solids content of biosolids influences the method of land application. Liquid or low-
solids biosolids will generally be injected into the soil to prevent vectors and provide better 
aesthetics. The addition of liquid biosolids also increases the moisture content of the soil, 
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which could benefit plant growth. The organic matter content is diluted and consequently its 
benefit in improving soil structure will occur only after repeated applications and after a long 
period of time. The amount of plant nutrients and trace elements depends on the quantity and 
percent solids of the biosolids. Dewatered or semisolid biosolids are usually spread on the 
surface and subsequently ploughed into the soil. The concentration of solids adds organic 
matter to the soil. This added organic matter improves the soil’s physical properties, 
especially soil structure, soil moisture retention, soil moisture content, and cation exchange 
capacity of the soil (Epstein, 2002). 
 
2.5.  Effect of biosolids application on soil temperature and seed 
germination 
 
The addition of organic matter from biosolids may possibly affect soil surface temperatures 
and in the spring hasten germination of crops. High solid biosolids are usually compost or 
heat-dried products which are an excellent source of organic matter. They also increase soil 
water retention, available water to plants, soil water content, water infiltration and 
permeability and hence could contribute to increases in soil temperature and germination and 
a reduction in soil erosion and run off (Epstein, 1997). 
Well stabilized composts are usually differentiated by the absence of chemicals that slow 
down seed germination and plant growth performance (Roe, 1998). Fresh composts usually 
possess some damaging organic acids such as acetic acid, acetaldehyde, ethanol, acetones 
and ethylene which have severe toxicity to plants (Ozores- Hampton, 1998). Germination of 
crops can be slowed down due to high levels of salts and the discharge of these organic acids 
into the compost. Plant toxicity effects can be examined by conducting germination tests 
(Gariglio et al., 2002; Brewer and Sullivan, 2003). 
Giuseppe and Giovanni, (1993) investigated the effect of digested sewage sludge application 
at a rate of 0.5, 1 and 2 kg/m2 and commercial fertilizer on the germination and yield of peas 
and broad bean under field condition. They reported that relative to the control plots, the 
presence of sludges in the soil improved germination and yield of both species to the same 
extent as did the fertilizer.  
Murillo et al., (1995) evaluated the effect of two urban composts on germination of ryegrass 
and sunflower and seedling performances in pot experiment. From their findings they 
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concluded that compared with the control, coarse matured urban compost treatments (100%) 
increased the germination index of the crops as a result of enhanced root development.    
Staden et al., (2005) conducted a laboratory experiment to investigate the effect of different 
temperature and watering frequencies on seedling growth in Ornithogalum longibracteatum 
and Tulbaghia violacea plants. Thirty-day-old seeds were incubated to constant temperatures 
(10, 20, 25, 30, 35 and 40 0C) ) and alternating temperatures (25/20 and 30/15 0C) under a 
16-h light:8-h dark photoperiod with a photosynthetic photon flux density of 45.6 ± 5 µmol 
m
-2
 s-1 provided by cool-white fluorescent lamps. Germination counts for all experiments 
were made daily for 25 days. They observed increases in the germination percentage of O. 
longibracteatum and T. violacea seeds at 25 0C and decreases in germination for temperature 
greater than 25 0C.  
Low temperatures caused poor germination in both species. Optimum percentage 
germination was attained between 20 and 30 0C. Low temperatures are conducive for bulb 
formation and high temperatures for initiation of leaf growth. Joanna and Wester, (2004) 
investigated the effect of applying 34 t/ha biosolids on soil water, soil temperature, and 
seedling emergence and growth of blue grama (Bouteloua gracilis) and green sprangletop 
(Leptochloa dubia) in a Chihuahuan desert grassland. Greenhouse and field experiments 
were conducted for 2 years. Biosolids did not affect mean soil temperature (at seed depth) 
but usually increased minimum and reduced maximum temperatures. Biosolids generally 
reduced soil water loss. They concluded that when environmental conditions are neither 
extremely unfavorable nor extremely favorable, the presence of surface-applied biosolids 
and the resulting reduction in soil water evaporation and moderation of soil temperature 
extremes may provide conditions conducive for successful emergence. 
Moral et al., (2006) studied the effect of applying composted sewage sludge in a growth 
medium for broccoli (Brassica oleracea var. Botryti cv. Marathon). Increasing quantities of 
composted sewage sludge to peat (0 %, 15 %, 30 % and 50 %, v/v) were used. Their results 
showed that using composts even at 50 % mixing rate for the preparation of substrates for the 
propagation of broccoli was sufficient  
The literature suggests that some experiments conducted to investigate the effect of biosolids 
applications on the germination of seeds produced contradictory results; in some cases 
various researchers reported either an increase or a decrease in germination of seeds of 
different plants due to biosolids and compost applications, whereas others found no effect. 
Whether biosolids have any effect on seed germination seems to depend on several factors, 
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among these the nature and characteristics of soil and biosolids, plant species, and the 
quantity and method of application are; however, this needs to be investigated under field 
conditions. 
 
2.6. Potential problems associated with land application 
 
2.6.1.  Pathogens in biosolids 
 
 
A pathogen is an organism or substance capable of harming public health or causing disease 
(USEPA, 1999). With regard to human health, the economically most important bacterial 
pathogens include Salmonella sp., E. coli O157 H7, and Clostridium perfringens. Salmonella 
are Enterobacteriaceae which are commomly found in the environment and include more 
than 2000 serotypes. These pathogenic bacteria are found in waste water and include the 
different serotypes which cause typhoid, paratyphoid fever and gastroenteritis. At any given 
time, 0.1% of the population excretes Salmonella which produce an endotoxin that causes 
fever, nausea and diarrhoea and could be serious if not well treated by antibiotics (Bitton, 
1994).  
Salmonella paratyphi and Salmonella typhimurium are serotypes mostly associated with food 
contamination. E.coli is a species that occurs normally in the intestines of man and other 
vertebrates and is ubiquitous. Some species can be pathogenic. E. coli O157:H7 is a Vero 
toxin-producing strain and was recognized as a pathogen in 1982 (Boyce et al. 1995). Some 
toxin producing E. coli strains have also been implicated in diarrhoea, hemorrhagic colitis, 
and the hemolyticuremic syndrome. It is important to measure the survival of E. coli in 
biosolids, since it is found in biosolids and with high possibility for regrowth (Straub et al., 
1993). 
Clostridium perfringens is an anaerobic, gram-positive, sporeforming, and heat-resistant 
bacterium. Municipal sludges contain high levels of Clostridium perfringens and hence this 
organism can be used as an indicator for the survival of pathogens in sludge treatment 
processes (Salsali et al., 2007). 
Recycling of biosolids to agricultural land provides as an important management technique 
for sewage sludge and other sludges (USEPA, 1999; Zhou, 2002; Li & Wu, 2003), however 
the public has concern regarding pathogens when biosolids are applied to land (Deportes et 
al., 1995; Sahlstrom, 2003). Pathogens entering the soil during land application of biosolids 
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can survive in the soil for two months or more (USEPA, 1994). Temperature, moisture, pH, 
soil composition and the presence of other microorganisms are some of the factors that 
determine the survival of bacteria in the soil (Mawdsley et al., 1995; Garrec et al., 2003).  
Due to the increased knowledge of the importance of enteric disease transmission from 
agricultural land management practices, the microbiological quality of biowastes applied to 
land has become a main concern of the food supply industry (Pennington, 2001). 
To reduce the number of pathogens in biosolids, the most frequently employed sewage 
treatment techniques include digestion, alkali-stabilization, composting, irradiation and 
pasteurizations (USEPA, 1994; Ho et al., 2000). Biosolids should better be used in dry 
weather conditions to reduce the risks of faecal coliforms to water resources. 
 
  WWT and removal of pathogens from biosolids 
 
The purpose of wastewater treatment is to reduce pathogens and sanitize effluent prior to 
discharge into water courses. The efficiency of removal differs with the different unit 
processes depending on the organisms and their physical and biological properties. For 
instance, many parasites survive the wastewater treatment process and accrue in the solids 
fraction (sludge), as a result of their densities (Farrell et al., 1996). Pathogen type and 
densities in biosolids is mainly a function of the wastewater and biosolids treatment 
processes.  
During wastewater treatment, pathogens settle in the sludge produced by the separation of 
solids from wastewater (Fradkin et al., 1989; Lasobars et al., 1999). Thus, the number of 
pathogens in biosolids can be higher than in wastewater (Nell et al., 1983). Moreover, many 
microorganisms are known to survive better in wastewater when they are associated with the 
solid particles rather than in suspended state. Hence, it is likely that these microorganisms 
will survive longer in biosolids (Scheuerman et al., 1991; Straub et al., 1992).  
The solids resulting from wastewater treatment should undergo further treatment prior to 
land application. Land application of biosolids requires the disinfection and stabilization of 
biosolids. The aim is to reduce the level of pathogens, reduce vector attraction and produce a 
stabilized product that will not putrefy very rapidly or produce unpleasant odours. 
In order to eliminate the risk factors different technologies are used, thermophilic aerobic 
stabilization with or without a subsequent anaerobic process, lime disinfection of sludge by  
Ca (OH)2 or CaO, composting of sludge, and others (Plachy, 1995; Novak, 1994).  
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Aerobic digestion is performed  under mesophilic conditions ranging in temperature from 
ambient to 15-37 0C and retention times of 10 to 20 days, whereas, anaerobic digestion is 
performed under either mesophilic or thermophilic conditions. Mesophilic anaerobic 
digestion is usually attained at temperatures 30 0C to 38 0C, whereas in thermophilic 
anaerobic digestion the temperatures range from 50 0C to 60 0C (Epstein, 2002). 
Nonetheless, many types of pathogens can survive such treatments (Watanabe et al., 1997; 
Carrington et al., 1982) and higher temperatures are often needed to improve the rate of 
sludge stabilization and to increase the reduction of pathogens. 
The enhanced pathogen reduction observed in staged thermophilic, temperature phased and 
2-phase digestion technologies is generally attributed to elevated temperatures (Schafer and 
Farrell, 2000). However, in many such processes pathogens are also exposed to higher 
concentrations of organic acids and the effectiveness of organic acids is believed to be 
dependent on concentration, pH, temperature, exposure time and the degree of sensitivity of 
specific types of pathogens (Goepfert and Hicks, 1969; Abdul and Lloyd, 1985; Fukushi et 
al., 2003). These factors, either alone or in combination, have an impact upon the extent of 
injury of microorganisms in anaerobic digestion. The level of injury varies and will be a 
function of the specific microorganism’s susceptibility. 
Alkaline stabilization (lime treatment) of biosolids was accepted as a method of deodorizing 
and disinfecting the material. According to USEPA 503 regulations requirement the pH of 
biosolids should be increased to 12 for a minimum of 2 hours (USEPA, 1992). Since 
ammonia is liberated during the addition of lime, it acts as a disinfectant. If the addition of 
lime is inadequate to keep the pH for the time required to disinfect the biosolids, the pH will 
decline and surviving bacteria will grow when conditions become favourable (Epstein, 
2002). 
A number researchers including Niewolak and Szelagiewicz (1997); Novak (1994) and 
Plachy (1995) have indicated that composting causes significant decreases in pathogenic 
bacteria, fungi and helminth eggs and produces high-quality organic manure with a 
considerable portion of humic substances. Wiley (1962) stated that pathogen destruction 
during composting is the result of thermal kill and antibiotic action, or the decomposing 
organisms or their products. 
Salmonella inactivation rates are generally high during the various wastewater treatment 
processes (Sahlstrom et al., 2004), but it is known to survive in low numbers (0.45–7.5 cells 
g-1) in biosolids (Watanabe et al., 1997). Salmonella can survive up to 3 months in stored 
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slurries, whereas a low survival time of one month has been reported in biosolids applied to 
land (Nicholson et al., 2005). Regrowth of Salmonella occurs under certain conditions in 
stored biosolids (Hussong et al., 1985; Gibbs et al., 1997), bagged biosolids based products 
(Skanavis and Yanko, 1994), composted biosolids (Sidhu et al., 2001) and soils treated with 
biosolids (Zaleski et al., 2005), which adds to its unpredictable behaviour in biosolids. 
Prolonged survival for more than 6 months can be expected in winter (Avery et al., 2004).  
Regrowth of E. coli O157:H7, like other enteric bacteria in biosolids or sludge applied to the 
land, is also possible under certain conditions. The actual numbers of E. coli O157: H7 in 
sewage and its survival during wastewater treatment of is still unknown due to paucity of 
reported data. 
The correlation between the reduction of indicator bacteria and pathogens during biosolids 
treatment processes is also conflicting. Gibbs et al. (1994) reported no correlation between 
the reduction in faecal coliforms, faecal streptococci and Salmonella numbers during 
anaerobic digestion. Sorber and Moore (1987) found higher inactivation rates of Salmonella 
in biosolids amended soil as compared to faecal indicators. Eamens et al. (1996) reported 
that there is no correlation between Salmonella die-off and decline in E. coli or FS numbers 
during the storage of biosolids or in biosolids amended soils. 
Horan et al. (2004) investigated enteric bacteria pathogen die-off during mesophilic 
anaerobic digestion in UK and reported that for all the pathogens evaluated, die-off by 
compliant mesophilic anaerobic digestion is in excess of the numbers routinely encountered 
in sludge and  thus, recommended that existing assets in the UK which utilise compliant 
mesophilic anaerobic digestion should meet the regulatory requirements for pathogen 
reduction . 
Smith et al. (2005) investigated the factors controlling pathogen destruction during anaerobic 
digestion of biowastes, results of the experiment demonstrate that E. coli and Salmonella 
spp. are not damaged by mesophilic temperatures, whereas rapid inactivation occurs by 
thermophilic digestion and concluded that efficient mixing and organic matter stabilisation 
are the main factors controlling the rate of inactivation under mesophilic conditions and not a 
direct effect of temperature per se on pathogenic organisms. 
Pepper et al. (2008) evaluated the fate and transport of potential biological and chemical 
hazards within biosolids, and the influence of long-term land application on the microbial 
and chemical properties of the soil. Direct risks to human health posed by pathogens in 
biosolids have been shown to be low. Risks from indirect exposure such as aerosolized 
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pathogens or microbially contaminated ground water are also low. The study concluded that 
long-term land application enhanced microbial activity and no adverse toxicity effects on the 
soil microbial community and hence long-term land application of Class B biosolids is 
sustainable. 
Gerba and Nwachukuto (2008) reviewed the occurrence and persistence of E. coli O157:H7 
in surface and ground waters, wastewater and animal wastes and in soil and sediments, and 
reported that E. coli O157:H7 can be expected to be present in any waters in which E. coli is 
detected. Even though, colonized cattle appear to be the main source of the organism in the 
environment, many warm-blooded animals (livestock, pet anaimals and birds) can also carry 
the organism. Although the concentration of pathogenic E. coli at times is high in surface 
waters (i.e., after storm events), its lower infectivity results in risks less than that of enteric 
viruses and protozoan parasites 
E. coli O157:H7 may persist in the environment for days to weeks depending on 
environmental conditions and Gerba and Nwachukuto (2008) concluded that in some 
environments rich in organic matter, pathogenic stains may actually increase in numbers. 
Tanner et al. (2008) investigated the occupational risk of pathogens from bioaerosols 
generated during land application of class B biosolids. More than 300 air samples were 
collected downwind of biosolids application sites at various locations within the United 
States. Coliform bacteria, coliphages, and heterotrophic plate count (HPC) bacteria were 
counted from air and biosolids at each site. To estimate exposure to Salmonella and 
enteroviruses in air, concentrations of coliforms relative to Salmonella and concentrations of 
coliphage relative to enteroviruses in biosolids were used, in conjunction with levels of 
coliforms and coliphages determined in air during the study.The results showed that the 
heterotrophic plate count bacteria were ubiquitous in air near land application sites whether 
or not biosolids were being applied and the concentrations were positively correlated to 
windspeed, whereas, coliform bacteria were detected only when biosolids were being applied 
to land. Environmental parameters (wind speed, temperature and humidity) had little impact 
on concentrations of microorganisms in air immediately downwind of land application. From 
the findings, it was concluded that the occupational risk of infection from bioaerosols was 
estimated to be 0.78 to 2.1%/yr. Worst case exposure scenarios carried an estimated annual 
risk of infection of up to 34%, with viruses posing the greatest threat. Based on previously 
reported literature, risks from aerosolized microorganisms at biosolids land application sites 
seem to be lower than those at wastewater treatment plants. 
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Factors affecting the survival of pathogens during biosolids production  
 
The inactivation of pathogens in biosolids depends upon a number of factors such as 
temperature (Martin et al., 1990; Gerba, 1986), moisture content (Ward et al., 1981; Russ 
and Yanko, 1981) and competition from indigenous microflora (Hussong et al., 1985; Sidhu 
et al., 2001; Pietronave et al., 2004). Factors such as predation, pH, sunlight and oxygen also 
influence pathogen inactivation in biosolids. The degree to which these factors influence 
survival of pathogens can vary from pathogen to pathogen and with the type of sludge 
treatment.  
In laboratory experiments, reduction in temperature and increase in solids content has been 
shown to enhance pathogen survival (Feachem et al., 1983).  
Certain chemicals produced during digestion are toxic to some bacteria. Kunte et al. (1997) 
reported that concentrations of high volatile fatty acids in anaerobic digesters significantly 
decreased the pathogen population. According to Strauch (1987), 90 % of Salmonella 
reduction is related to pH decrease in the substrate. The decrease in the pH value during 
storage is influenced by the natural bacterial flora producing fatty acids which have toxic 
effects upon Salmonella.  
It is conceivable that the bacterial population would recover if these toxicants and inhibitors 
were removed as a result of the centrifugal dewatering process. Flocculant polymers used to 
condition the biosolids prior to dewatering are partially biodegradable and hence may supply 
nutrients or other chemical factors with impacts on bacterial growth (Chang et al., 2001). 
Furthermore ammonia is known to be bactericidal. During composting, ammonia (NH3) is 
volatilized and is toxic to numerous bacteria and viruses (Ward and Ashley 1976; Taylor et 
al., 1978;). Sikora et al. (1985) also reported that NH3 was virucidal in biosolids and in 
ammonium chloride solutions. Heat increases the rate of viral inactivation by NH3 in sludge 
(Ward and Ashley, 1976).  
Following the criteria established by the U.S. Environmental Protection Agency municipal 
sludge rule (40 CFR Part 503 Rule) Ponugoti et al. (1997) evaluated the effectiveness of 
various treatment processes in decreasing the density of pathogens municipal sludge.  
Biosolids samples were taken from different waste water treatment systems and analysed for 
indicator and pathogenic organisms. Results of the study showed that anaerobic digestion 
was superior to aerobic digestion in lowering the density of pathogens levels under the given 
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field conditions. Composting produced better-quality product than the products produced 
under anaerobic and aerobic digestion. It was concluded that the Class B requirements under 
the 503 Rule are practical and achievable by most existing treatment systems, while the 
Class A requirements under the same rule might not be easily achieved by many existing 
waste water treatment facilities. 
The volatile suspended solids (VSS) loading rates determine the log reductions in fecal 
coliform and fecal streptococci under anaerobic condition.  Conversely, such trend was not 
obvious in aerobic digestion systems. Salmonella density reductions did not appear to be 
dependent on VSS loading rates in either case (Ponugoti et al. (1997).  
Piterina at al. (2010) examined the pathogens in sludge at various stages during and 
following autothermal thermophilic aerobic digestion, for more than a year. The findings 
indicated that 
Pathogenic Salmonella spp. and fecal-coliform indicator densities were less than the limits 
used to certify class A biosolids in the final product. The autothermal thermophilic aerobic 
digestion deactivated the enteric pathogens present at the inlet during the digestion process 
and was not detected in the final product. 
Surampalli et al. (1993) evaluated the pathogen and indicator bacterial levels in the sludge 
samples taken from two wastewater-treatment plants. The treatments plants are extended-
aeration and oxidation-ditch-type plants with no aerobic or anaerobic digestion facilities 
following the secondary treatment except for sludge-storage facilities. The sludge samples 
were analysed to determine the sludge pathogen and bacterial reductions in aerobic digestion 
and in storage, inaddition to fecal coliforms, fecal streptococci, and Salmonella, total 
suspended solids, volatile suspended solids, pH, and temperature were also measured. The 
findings suggest that a two-order pathogen reduction was observed, it was concluded that the 
improved pathogen reduction was due to  the design conditions of the plant, large sludge age, 
and long detention times.  
Using a moderate aeration during the composting process in a semi-industrial pilot plant 
Hassen et al. (2001) investigated pathogen bacteria, fungi, fecal indicator bacteria: total 
coliforms, faecal coliforms and faecal Streptococci, present in a compost of municipal solid 
waste. The results showed that due to auto-sterilization created by relatively high 
temperatures (60–55°C), significant reduction in bacterial communities were observed, 
including Escherichia coli and faecal Streptococci populations, yeasts and filamentous fungi, 
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however bacterial spores population increased at the start of the composting process, but 
after the third week their number was reduced significantly.  
On the 25th day of composting when the temperature reached 60°C, Salmonella was not 
observed however, the bacterial population increased gradually during the cooling phase. 
During the mesophilic phase and at the beginning of the thermophilic phase, Staphylococci 
seemed to be the dominant bacteria; bacilli predominated during the remainder of the 
composting cycle.  
It was reported that the emergence of gram-negative rods during the cooling phase may 
signify a severe risk for the sanitary quality of the final product intended for agronomic 
reuse. However, compost sonication for a 3 min induced the inactivation of delicate bacteria, 
in particular gram-negatives. On the other hand, gram-positive bacteria, especially 
micrococcus, spores of bacilli, and fungal propagules survived, and were high in number in 
the final composted product. 
Composting is frequently used as an efficient way of stabilizing wastewater biosolids and 
lowers the  pathogens to very low concentrations. However, under certain conditions 
Salmonella typhimurium can regrow in previously composted biosolids.  
Using sterile and non-sterile composted biosolids, Sidhu et al. (2001) monitored the growth 
of seeded Salmonella typhimurium in composted biosolids for period ranging from two 
weeks to two years maturity. The results indicated that seeded Salmonella typhimurium 
colonized rapidly in sterilized biosolids and reached maximum population density. On the 
contrary, growth of seeded S. typhimurium was suppressed in non-sterilized compost, the 
result showed that there was a significant decrease decline in the growth rate of seeded 
Salmonella in sterilized compost when the compost was stored, suggesting that bio-available 
nutrientsdecreased with storage. Conversely, in non-sterilized compost this was not the case, 
suggesting that indigenous microflora may contribute a considerable role in suppressing the 
regrowth of salmonella in composted biosolids. 
When salmonella inactivation rate for two week period of storage was compared with the 
inactivation rates for two years period, the inactivation rate in the two weeks period was 
seven times higher than the compost stored for two years, suggesting that the antagonistic 
effect of indigenous microorganisms towards Salmonella declined with compost storage. It 
was concluded that Salmonella can regrow in all composted biosolids, nevertheless, the 
indigenous microflora can significantly reduce the regrowth potential and therefore long-
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term storage of compost is not recommended since it will possibly increase the pathogen 
regrowth potential. 
To assess the effect of volatile fatty acids on the inactivation of Clostridium perfringens over 
a range of digestion procedures, Salsali et al. (2007) conducted an experiment, by adding an 
equimolar mixture of acetic, propionic and butyric acids to the digester effluent for a period 
of 24 h at temperatures of 35 0C, 42 0C, 49 0C and 55 0C. They reported Clostridium 
perfringens inactivation in digester effluents, when dosed with volatile organic acids, was 
found to depend on pH, acid concentration and temperature. The temperature above 55 0C 
appeared to enhance the inhibitory affect of the organic acids at higher concentrations, 
suggesting high concentration of organic acids at pH value of 4.5-5.5 during thermophilic 
digestion substantially reduces concentrations of Clostridium perfringens in municipal 
sludge. 
Table 2.4 below summarizes the pathogens E.coli, Salmonella and the indicator Clostridium 
perfringens in wastewater and sludge, whereas, Table 2.5 depicts pathogen inactivation 
during waste water treatment. 
 
 
 
 
 
Table 2.4 Pathogen and indicators  present in wastewater and sludges  (in numbers) 
                               Numbers  
Pathogens Range Mean 
 
References 
E.coli 3×102 – 6.2×104 1.5×104 bPayment et al. 2001 
 4.4×105 – 1.1× 106 - aPourcher et al. 2005 
Salmonella 1.1×101 – 5.9×103 2.9×103 aGibbs et al. 1994 
 1.2 – 1.3 - aPourcher et al. 2005 
 - 6.2×102 aDahab and Surampalli 2002 
C. perfringens 3.30 – 4.10×103 2×103 cChauret et al. 1999 
 4.5×104 – 8.1×104 - aPourcher et al. 2005 
 1×101 – 4.5×102 2.3×102 bPayment et al. 2001 
a=g-1 dry weight, b= g-1 wet weight, c=sludge L-1, ND=not detected. 
Adapted from: Sidhu and Toze , (2009) 
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Clostridium spores are very resistant to water treatment processes and persist longer than E. 
coli. (Horman et al., 2004; Payment et al., 1993). Consequently, spores of Clostridium 
perfringens are one of the most conservative indicators of fecal pollution and their 
inactivation during a treatment process positively indicates absence of pathogenic bacteria. 
However, the value of using Clostridium perfringens spores as surrogate indicators for 
oocysts of protozoan parasites, and enteric viruses is disputed (Hijnen et al., 2000; Payment 
et al., 1993). Clostridium perfringens spores numbers have been reported to be half those of 
E. coli and fecal coliforms in wastewater, and no reduction in enteric virus numbers was 
reported even after a 50% reduction in Clostridium perfringens spores during the wastewater 
treatment process(Payment et al., 2001). 
 
  Pathogens in biosolids amended soil and plants 
 
Most pathogens do not survive in soils or on plants for very long periods of time (Rudolfs, et 
al. 1950, 1951; Lance, 1977; Akin et al., 1978; Golueke, 1983; Sorber and Moore, 1986).  
Several environmental factors affect the potential for pathogen survival such as temperature, 
desiccation, and ultraviolet light, particularly if the pathogens are located near the surface of 
the soil. Other factors, including pH, organic matter, soil colloidal matter, soil temperature, 
Table 2.5  Pathogen inactivation (log10) during wastewater treatment processes 
Pathogens AS MAD TAD Comparative 
indication 
References 
E.coli 0.9 ± 0.2 1.5 ± 0.6 3.5 ± 0.9 Much lower than E Gantzer et al. 
2001 
 
- - 6.0 Similar to FC in TAD  Moce-Llivina 
et al. 2003 
 
- 1.66 - Similar to Salmonella 
and Listeria 
Horan et al. 
2004 
Salmonella 0.12 0.86-2.26 - Lower than both FC 
and FS 
Dahab and 
Surampalli 2002 
C.perfringens 0.96 NR - Limited, no 
correlation with 
bacterial indicators 
Chauret et al. 
1999 
 0.34 - - Similar to 
Cryptosporidium 
Payment et al. 
2001 
Inactivation data from similar studies were compared for inactivation rates. Aerobic stabilization (AS); 
Mesophilic anaerobic digestion (MAD) at 35 °C; Thermophilic anaerobic digestion (TAD) at >52 °C; 
Log reduction=day-1, NR=no reduction, T=Times. 
FC= faecal coliforms, FS= faecal streptococci, and E= enterococci. 
Source: Sidhu and Toze, (2009) 
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and competitive or antagonistic organisms, will also negatively impact pathogen survival in 
soils. 
For example the growth of Salmonella and dysentery bacilli was reported to be suppressed in 
soil by actinomycetes (Bryanskaya, 1966). 
Pourcher et al. (2007) studied the survival of enteric micro-organisms in sewage sludge 
following direct land-spreading. The sludge was spread on a sandy loam fine texture soil, at 
a rate of 80 m3/ha fresh weight. The tested micro-organisms included three of specific 
sanitary interest: fecal indicators, spores of Clostridium perfringens and enteroviruses. They 
reported that among the three micro-organisms studied, only Clostridium perfringens was 
present in relatively high concentrations in the soil (about 102 spores/ g dry matter) 
confirming the ubiquitous behaviour of this bacterium. Clostridium perfringens, which was 
present in the soil before the spreading of sludge, was not inactivated during the 2 months of 
observation. An increase in the concentration of Clostridium perfringens was observed 
implying some bacterial growth. Concentrations of Clostridium perfringens did not differ 
significantly from one plot treated with sludge to another.  
In most cases, it has been reported that the survival of the micro-organisms is lower in 
summer and in sandy soils (rather than clay), and when biosolids is spread on the soil surface 
rather than injected (Nicholson et al., 2005). In addition, the growth of faecal coliforms is 
favoured by the presence of fertilizers (Estrada et al., 2004).  
Guan and Holley (2003) report that E. coli O157: H7 and Salmonella survive longer in the 
soil than Yersinia enterocolitica and Campylobacter intestinalis. In addition, predicting the 
survival of bacteria is complicated because of the possibility of regrowth (Bastos and Mara, 
1995; Gibbs et al., 1997). Because of various environmental parameters influencing the 
survival of micro-organisms and the complexity of their interaction, results obtained by 
different workers do not always agree. According to Snowdon et al. (1989) a survival of 12 
weeks is frequently observed for bacteria. Gibbs et al. (1997) and Jones (1986) found 
Salmonella in the soil 36 and 37 weeks after spreading biosolids or animal wastes, Watkins 
and Sleath (1981); Nicholson et al. (2005) and Gessel et al. (2004) observed the 
disappearance of these same bacteria in less than 6 weeks.  
Sun et al. (2006) conducted an incubation experiment to monitor and evaluate the effect of 
application of four types of sewage sludges (fresh anaerobically digested sewage sludge, air 
dried sludge, fresh dewatered sewage sludge and air-dried from different waste treatment 
plants) on changes in numbers of faecal coliforms in soils and hygienic risks over time after 
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sludge application. Soil faecal coliforms were counted after 1, 7, 14, 28, 56 and 84 days of 
incubation at 25 ± 0.5 0C and reported that faecal coliforms counts in the biosolids-treated 
soils decreased substantially with incubation time and were similar to those in the untreated 
controls after incubation for 56 days.  
Air-drying also decreased the quantity of faecal coliforms and reduced the risks following 
land application of sewage sludge (Sun et al., 2005); however, they suggested that land 
application of air-dried sludges may increase the hygiene risks when re-growth of faecal 
coliforms occurs. Sun et al. (2005) also reported that the sludge-derived faecal coliforms 
gradually died off after entering the soil and concluded that an appropriate restriction of 
public access time could be introduced to protect human health.  
Pathogens in dewatered biosolids material applied to land will not likely leach out and move 
through the surface soil to groundwater. The movement of bacteria where dewatered 
biosolids are applied is markedly different from wastewater. Surface application, including 
tilling or incorporating biosolids into the upper 15 cm (6 in.) greatly reduces the survival and 
movement of bacteria (Reddy et al., 1981). Sorber and Moore, (1986) reviewed the literature 
prior to 1986 and concluded that quantitative data describing pathogen survival or transport 
in biosolids-amended soil were extremely limited. 
Biosolids application modifies soil properties, which increases the retention and removal of 
pathogens. Increased organic matter will lower water percolation and enhance water 
retention in sandy or gravelly soils. If the application of biosolids increases soil pH possibly 
through liming, this could affect bacterial survival. The increased organic matter from 
biosolids’ application enhances the indigenous microbial population that could result in 
pathogen inactivation. 
Bryan (1977) reviewed the early literature on the survival of pathogens on crops and found 
that pathogens do not penetrate into fruits or vegetables unless their skin is broken. Pathogen 
survival would be very short on fruits and vegetables exposed to sunlight and dry conditions.  
The survival on subsurface crops such as potatoes and beets would be similar to that in soil 
(Gerba, 1983). The edible portion of crops that does not come in contact with the soil or 
biosolids is less apt to be contaminated. Although the time varies, evidence from the 
literature indicates that the survival rate of pathogens on plants is very short even if the time 
varies depending upon conditions. Desiccation, temperature, and ultraviolet light are the 
most important factors in destroying pathogens on plants. Thus, the risk for humans 
consuming foods where biosolids are land applied is low since most of the biosolids are 
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incorporated into the soil and do not come in contact with edible part of the food crops. 
According to Epstein (2003) the risk to humans from pathogens in biosolids that are applied 
to non-edible crops, forestry, and fruit trees is essentially nil. 
The application of biosolids on crop land used to produce food crops for human and fodder 
crops for livestock consumption must not result in unacceptable microbiological or chemical 
contamination of produce nor adversely impact upon produce quality (EPA, Vic. 2004). 
Only treatment grade T1 biosolids need to be used in circumstances where planned cropping 
strategies will result in direct contact between the soil and human food crops that are 
potentially consumed raw and these include produces such as carrots, lettuces, strawberries 
and mushrooms.  
Treatment grade T2 biosolids should be used where human food crops that are possibly 
consumed raw will be protected from direct contact with the soil such as harvested produces 
greater or equal to one metre above soil surface nevertheless, the biosolids application should 
not occur within a period of three summer months before expected harvest and during this 
time windfall should not be collected. Treatment grade T2 biosolids have been subjected to a 
reasonably intensive pathogen reduction process and thus the combination of treatment with 
a withholding period and produce separation is considered to provide a proper and realistic 
level of control (EPA, Vic. 2004). 
In Australia, grade T3 biosolids should not be used as part of a planned cropping strategy, 
although such practice is approved in key jurisdictions such as in US and UK, requiring 
significant withholding periods of one to three years. However, where land amended with T3 
biosolids is subsequently considered for growing food crops that are potentially consumed 
raw; a default withholding period of three years will be needed, however, grade T3 or better 
biosolids may be used for crops that will either be cooked at greater than 70°C for two 
minutes or processed prior to sale to the domestic market. Grade T3 biosolids can be used for 
crop production that will be cooked after sale to the domestic market, however, the safety of 
the practice needs to satisfy the relevant government agencies, such as EPA and the 
Department of Human Services (DHS) (EPA, Vic. 2004). 
The natural decay of enteric microorganisms in soil represents an important stage in the 
multi-barrier approach to protect human health from the residual numbers of potentially 
infectious pathogens that may be present in sewage sludge recycled to agricultural land (Pike 
and Carrington 1986). 
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The risks of pathogens reduction from land applied biosolids in United States and Europe is 
solely based on the concept of multiple barriers to the prevention of transmission of disease  
(US EPA, 1993; European Commission, 1986).  The barriers include: (i) treatment to reduce 
pathogen content and vector attraction, (ii) restrictions on crops grown on land to which 
biosolids have been applied, and (iii) minimum intervals following application and grazing 
or harvesting. 
Successful pathogen risk management requires control to the entire chain of sludge 
treatment, biosolids handling and application, and post-application activities which may be 
achieved by devotion to quality management systems based on hazard analysis critical 
control point principles (Godfreee and Farrell, 2005). 
In summary, the literature review describes the digestion, alkali-stabilization, composting, 
irradiation and pasteurizations processes are frequently used in reducing pathogens, decrease 
vector attraction to produce a stabilized product that will not putrefy rapidly or produce 
unpleasant odours. Anaerobic mesophilic (35 - 40 0C) digestion is most widely used to 
stabilize primary and secondary sludges from municipal wastewaters. However, many types 
of pathogens can survive such treatments and elevated temperatures are often needed to 
improve the rate of sludge stabilization and to enhance the reduction of pathogens. The 
evidence for the correlation between the reduction of indicator bacteria and pathogens during 
biosolids treatment processes is contradictory.  
A number of environmental factors influence the potential for pathogen survival such as 
temperature, desiccation, and ultraviolet light, particularly if the pathogens are located near 
the surface of the soil or on a plant. Other factors, including pH, organic matter, soil colloidal 
matter, soil temperature, and competitive or antagonistic organisms, will also negatively 
impact pathogen survival in soils. Overall the soil environment is unfriendly and hostile to 
pathogens. In addition, the survival of pathogens in summer and in sandy soils is lower and 
when sludge is spread on the soil surface rather than injected.  
The leaching and movement of pathogens through the surface soil to groundwater is very 
low and in most cases are retained in the upper 5 to 15 cm of the soil depth. Surface 
application, including tilling or incorporating biosolids into the upper 15 cm greatly reduces 
the survival and movement of bacteria. 
Soil properties can be modified by the application of biosolids, which increases the retention 
and removal of pathogens. Increased organic matter will lower water percolation and 
enhance water retention in sandy or gravelly soils. The increased organic matter from 
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biosolids’ application enhances the indigenous microbial population that could result in 
pathogen inactivation. 
If the edible portion of the crop is not in contact with the biosolids, the likelihood of 
contamination is low, particularly if the skin of the fruit is unbroken, since pathogen survival 
is short on fruits and vegetables exposed to sunlight and dry conditions. Thus, the risk for 
humans consuming foods where biosolids are land applied is low provided that most of the 
biosolids are incorporated into the soil and do not come in contact with edible food crops.  
The health hazards of pathogens from land applied biosolids to non- food crops, forestry, and 
fruit trees are basically insignificant. 
 
2.6.2. Heavy metals in soil and biosolids 
  
Heavy metals are a group of elements with a relatively high molecular weight (density >5.0 
mg/m3) and, when taken into the body, can accumulate in specific body organs (Ashworth, 
1991). 
Various agricultural soils may contain considerably higher levels of heavy metals than 
normally found in natural soils as a result of atmospheric deposition and application of 
fertilizers, pesticides and biosolids. A number of researchers have reported on significant 
atmospheric deposition of Pb, Cd, As, Cu and Zn (Haygarth et al., 1995; Hovmand et al., 
1983; Berthelsen et al., 1995; Harrison and Chirgawi, 1989). The US EPA has regulated 
some of the heavy metals in biosolids including As, Cd, Cu, Pb, Hg, Ni, Se, Zn and 
molybdenum (Mo) (US EPA, 1993). 
 
Biosolids 
 
Biosolids contain heavy metals as a result of atmospheric deposition on land, natural 
vegetation, food sources (because plant material will contain trace elements), industrial 
sources, fertilizers and pesticides, human wastes (due to ingestion of food and water) and 
natural soil. All of these materials can find their way into the sewage system and eventually 
end up in the wastewater treatment plant and into biosolids (Epstein, 2003). 
The addition of chemicals such as lime and ferric chloride in biosolids during the treatment 
processing can affect pH, composition, and chemical species. These chemical species could 
induce solubility and hence mobility in the soil or uptake by plants. Thus the biosolids 
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processing and stabilization method also affects heavy metal characteristics and behaviour 
(Richards et al., 1997; Green et al., 2003 and Fuentes et al., 2004). 
 
Conventional fertilizer 
 
Heavy metals are ubiquitous being found in natural soils and plants. They are also in 
fertilizers since they are part of the mineralogical composition of the mined materials. This is 
especially true of many phosphate fertilizers that can contain high levels of Cd and Zn 
(Epstein, 2002; Mermut et al., 1996).  Lee and Keeny (1975) estimated that 2150 kg of Cd is 
added annually to Wisconsin soils through fertilizers and biosolids, with much of it coming 
from fertilizers than biosolids. 
Raven and Loeppert (1997) analysed 16 fertilizer materials. Three were primarily nitrogen 
(ammonium) products, eight were phosphate materials, and four were potassium sources. 
They also analysed sewage sludge, organic materials and liming materials. Among the 
fertilizers, phosphate sources had the highest concentration of heavy metals. Potassium and 
nitrogen fertilizers had insignificant amounts. Cadmium in phosphate fertilizers ranged from 
0.7 to 48.8 mg/g; Cu from 0.68 to 19.6 mg/g; Ni from 0.6 to 50.4 mg/g; Pb from < 0.2 to 
29.2 mg/g, and Zn from not detected to 33.5 mg/g. They concluded that heavy metal 
concentrations generally decreased in this order rock phosphate >biosolids > commercial 
phosphate fertilizer > organic amendments and liming material > commercial K fertilizers > 
commercial N fertilizers. 
 
Factors affecting heavy metals solubility in soil and biosolids  
 
    pH and EC 
 
Aspects of soil that mainly affect heavy metals uptake include soil pH which is one of the 
main variables impacting upon metal solubility. The equilibrium between adsorbed and 
dissolved forms regulates the concentrations of heavy metals in the soil solution. All heavy 
metals with the exception of Mo and Se, are more soluble and mobile at low pH. The 
solubility of metal carbonates, phosphates and sulfides is increased at low pH (Lindsey, 
1979). The bioavailability of heavy metals to plants, in most cases is enhanced below pH of 
6.5 (Chaney, 1973). Approximately, a 100-fold decline in activity (effective concentration) 
of Zn and Cu occurs as soil pH increases by one unit. A decrease in soil pH not only raises 
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their bioavailability but also increases their mobility through the soil profile. Anderson and 
Christensen (1988) stated the pH is more important than any other soil property in 
controlling Zn mobility. 
A consequence soil pH decline usually occurs after sludge application increasing metal 
solubility and mobility ( Hinesly et al., 1972; Boswell, 1975; Robertson et al., 1982; Qureshi 
et al., 2003). Richard et al. (2000) reported that soil acidification was the result of the 
mineralization of sludge-derived organic N and S. Changes in the soil environment after 
biosolids application determines the rate of release of sludge added heavy metals which 
depend on the nature of the sludge and soil types (McBride, 1998; Richards et al. 1997, 
2000). 
Kim et al. (2007) conducted a greenhouse study using silt loam and fine sandy loam soil 
amended with alkaline stabilized sludge, dewatered-digested sludge and composted sludge at 
elevated heavy metal loadings and reported elevated levels of Cu and Zn in the CaCl2 
extracts in the early cropping seasons resulting from the low soil pH due to the most recent 
sludge application. Regardless of soil type, the lowest soil pH was achieved by the dewatered 
sludge treatments indicating that dewatered sludge had more acidifying effect than the 
composted biosolids, since, during composting some of the N and S was already mineralized, 
the compost had lower effect in reducing soil pH than dewatered sludge. 
Regardless of the soil type, the alkaline stabilized sludge products increased the soil pH and 
reached a constant pH with time. This condition decreased Zn extractability, although such 
increases in soil pH did not reduce the solubility of Cu in the sludge through time. Over all, 
they concluded that sludge amendment had a considerable effect in changing soil pH and 
hence the extractability of Cu and Zn. 
Stamatiadis et al. (1999) assessed the effect of compost and fertilizer application on silty 
clay loam soil quality in a field experiment. Compost was applied at rates of 0, 22 and 44 
t/ha which were split to include fertilizer 165 kg (NH4NO3)-N/ha and no fertilizer plots. It 
was reported that a high soil EC in plots receiving 44 t/ha of compost in the first 0-20 cm of 
soil which probably resulted from a high compost salt content. They also noted a short term 
stabilization of soil pH and a decrease in water infiltration rates due to compost application. 
The pH stabilization prevented acidification due to fertilizer application. They concluded that 
frequent application of composts with high EC values may bring about depletion of N, 
reduced nutrient cycling and impaired crop growth probably due to increased soil salinity. 
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Ulrich (1987) also observed higher cation exchange capacity and base saturation, in soil 
treated with compost as compared to soil without compost, and reported no correlation 
between pH to NO3-N and concluded that composts had no acidifying effect. 
The availability of heavy metals in composted biosolids and sewage sludge amended soil is 
controlled by soil pH; decrease in soil pH increases the mobility of the most labile elements 
in soil particularly Zn, Ni and Cd (Smith, 1994a, b). Compost or biosolids additions in short 
to medium term may alter the soil pH which could impact metal availability and potential 
transfer to crops (Smith, 2009). The soil pH value has an important role in controlling metal 
availability. In most cases, metal extractability and uptake decreases with increasing soil pH 
value; compost application usually increases soil pH, thus reducing crop uptake, (Smith, 
2009). 
Compared to the other substrates, MSW- compost has reasonably high electrical conductivity 
due to increased salt contents (Maftoun et al., 2004) and could reduce the overall 
bioavailabilities of metals due to sorption processes and thus provide an effective soil 
remediation technique (Brown et al., 2003, 2004). 
 
    Organic matter and CEC 
 
The complexion and binding of heavy metals in the organic matter reduces their availability 
to plants. The high CEC of organic matter enhances its metal binding capacity; this 
behaviour of organic matter significantly contributes to the overall CEC of a soil. Sandy soils 
usually have low CEC than clay soils (Epstein, 2003). Understanding the role of CEC of soil 
on heavy metals availability helps in making recommendations regarding the application of 
heavy metals additions via biosolids to soils based on the CEC of a given soil (USEPA, 
1980).  
 
    Reactions between elements  
 
Availability of heavy metals to plants and their mobility through the soil system depends on 
interactions with other elements. The hydrous oxides of Fe and Mn can interact with some of 
the heavy metals through sorption and desorption mechanisms and hence reduce their 
availability to plants (Jenne, 1968; Quirk and Posner, 1975). Phosphorus also combines with 
metal ions to form soluble or insoluble complexes (Epstein and Chaney, 1978). Barrow, 
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(1987) showed that orthophosphates could either increase or decrease Zn retention in soil 
depending on pH. McBride (1985) reported a decrease in sorption of Cu in soils when 
orthophosphates were present.  
 
 
Total and available forms of heavy metals  
 
Total heavy metals 
 
Total heavy metal content is not a good predictor of bioavailability and potential risk 
assessment; however, it can be used as a valuable indicator of soil deficiency or 
contamination (Alva et al., 2000; McLaughlin et al., 2000). Due to diverse and complex 
distribution patterns of heavy metals among different chemical species (Chen et al., 1996), 
the total metal concentration alone does not give sufficient information on risk of 
bioavailability and toxicity and metals capacity to remobilize in the environment (Knight et 
al., 1998; Chaudri et al., 2000; Su and Wong, 2003; Wei and Liu, 2005). A genuine 
assessment of the environmental hazard associated with elevated soil heavy metals will 
depend on the amounts of easily mobile and bioavailable forms (Weber et al., 2007). 
            
Bioavailable forms of heavy metals  
 
The major objective of micronutrient (metals) soil tests is to separate nutrient deficient from 
non-deficient soils, and to indicate when a profitable response to application of specific 
micronutrients might be expected. Micronutrient soil tests are also used to indicate possible 
nutrient and heavy metals toxicities. Hence, extraction solutions containing chelating agents 
such as DTPA (diethylenetriaminepentaaceticacid) remove micronutrient cations adsorbed in 
the solid phase together with water-soluble constituents. In this regard they may simulate the 
action of plant roots. Consequently, extraction with DTPA has been used to assess 
micronutrient fertility of soils (Lindsay and Norvell, 1969a, 1978). 
The DTPA extraction solutions also extracts the exchangeable, organically complexed and 
carbonate forms of heavy metals in soil and this extraction gives valuable information on 
metal availability and has the tendency to correlate with plant uptake of heavy metals 
(Bidwell and Dowdy, 1987; Sommers et al., 1991; Hooda and Alloway, 1994). Metals that 
are soluble, exchangeable and loosely adsorbed are reasonably labile and bioavailable 
(Kabata-Pendias and Pendius, 1992; Alva et al., 2000; McLaughlin et al., 2000). McGrath 
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(1984) reported that once biosolids applications cease, Ethylene diamine tetra acetic acid 
(EDTA) extractable metals also decrease with time suggesting that metals may revert to less 
available forms through time  
For quick evaluation of the phytoavailability of heavy metals, unbuffered extraction 
solutions such as CaCl2, NH4Cl can be used (Beckett, 1989); however, there are cases where 
such salt solutions do not indicate the plant available fraction of heavy metals, hence the use 
of other extractants such as DTPA and hydroxylamine are better alternatives (Gupta and 
Aten, 1993). 
Table 2.6 summarizes the effect of incorporation or surface applications of various biosolids 
and sludge types on the levels of total and DTPA extractable heavy metals in amended soil.  
Increases in total Cu, Zn, Pb and Cr due to various biosolids applications under field 
conditions were reported by Walter et al. (2002). A similar increase in total Cu, Zn, Pb and 
Cr levels using pot experiments were observed by Sims and Kline (1991) and Zheljazkov 
and Warman ( 2004).  
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Table 2.6 The effect of various organic amendments on total and extractable heavy metals in 
amended soil  under field and glass house conditions  
Organic waste 
types 
Experimental 
details 
Soil  Crop types  Effect on heavy metals accumulations in 
soil 
 
References 
anaerobically 
digested 
biosolids 
40, 80 and 120 
t/ha surface 
applied under 
field condition 
S herbaceous 
mixture of 
plants 
Total soil Zn, Pb, Cd, Ni, Cr and Cu 
increased  however DTPA extractable 
heavy metals did not change  
 
Walter et al. 
(2000) 
Anaerobically 
digested 
biosolids 
50 and 100 t/ha 
incorporated 
under field 
condition 
T winter 
wheat 
Total and DTPA extractable heavy metals 
increased, but not Ni in the low biosolids 
treatments.  
 
Walter et al. 
(2002) 
Co-composted 
sewage sludge 
0, 11, 22, and 44 
t/ha), limed to 
four pH values 
(pH 5.3–7.2) 
incorporated 
under glass house 
condition 
U winter 
wheat and 
soybean 
Increases in total soil Cd, Cr, Cu, Ni, Pb, 
and Zn, at the highest rate (44 t/ha). It had 
little effect on Cd, Cr, or Pb in either crop, 
but consistently increased Cu, Ni, and Zn 
in vegetative tissues of wheat and 
soybean, and Ni and Zn in soybean grain. 
Liming decreased Mn and Zn in wheat 
and soybean, and Ni in soybean grain, but 
rarely affected plant Cd, Cr, Cu, or Pb. 
Sims and 
Kline (1991) 
Activated 
sludge and 
facultative 
stabilized 
pond sludge 
100 t/ha 
incorporated 
under glass house 
condition 
F,H,I sorghum 
bicolor 
Increased DTPA extractable, Zn showed 
the highest increase from 1 to 25 times  
the control plot 
 
 
Mendoza et 
al. (2006) 
Municipal 
solid waste 
and municipal 
solid waste 
compost 
21, 41 and 62 t/ha 
MSW and 60 t/ha 
MSWC 
incorporated 
under field 
condition 
I No crop Cu, Zn and Pb remained to the upper 5 cm 
soil layer. The low water extractable 
fraction of these metals in MSW and 
MSW-biosolids compost was a major 
factor limiting the transport of these 
metals to lower soil horizons. 
 
 
Breslin 
(1999) 
Municipal 
solid waste 
compost and 
cow dung 
manure 
60 kg N per ha 
MSWC, 60 kg N 
per/ha cow dung 
manure with 30kg 
N/ha urea as 
supplement 
F rice Increased DTPA soil Cu and Zn over cow 
dung manure 
Bhattacharyya 
et al. (2006) 
Municipal 
solid waste 
compost 
First, 175, 350, 
and 525g/pot, 
second 125, 250, 
and 375 g/pot 
incorporated 
under glass house 
condition 
I Swiss 
chard, 
Basil , Dill 
, and 
peppermint 
 
Increased the concentration of Cu and Zn 
in all fractions, increased Mn in acid 
extractable (ACID), iron and manganese 
oxides (FeMnOX), and organic matter 
(OM) fractions, but decreased slightly 
exchangeable-Mn. reduced bioavailability 
and transfer factors for Cu and Zn 
 
Zheljazkov 
and Warman 
(2004) 
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Table 2.6 continued The effect of various organic amendments under field and glass house conditions on 
total and extractable heavy metals in amended soil.  
Aerobically-
digested sewage 
sludge (AES) 
and anaerobic 
lagoon septic 
waste (ANS), a 
sewage sludge 
compost 
30.6 t/ha compost and 
10.7 t/ha of ANS to the 
forage and 25.7 dry 
t/ha compost and 6.5 
dry t/ha aerobically-
digested sewage 
sludge to the corn. 
Surface applied under 
field condition 
G grass 
forage 
Cu in aerobically-digested sewage 
sludge amended corn stover was 
greater than the compost and 
fertilizer-amended corn in yr 1 but 
was not different in yr 2 possibly 
due to high replicate variability. 
Applications of both organic wastes 
increased zinc in the grass forage 
tissue but the increase was greater 
from the ANS, which they related 
with its total Zn content. 
 
Warman 
and 
Termeer 
(2005) 
Aerobically 
digested 
biosolids 
 
At 0, 42, 84, 126, 168, 
and 210 t/ha 
incorporated under 
field condition. 
 
F raddish  
and 
romaine 
lettuce 
Linear increase in DTPA Cu and Zn 
but a decrease in metal availability 
with time. 
Evanylo 
et al. 
(2006) 
Composted and 
non-composted 
sewage sludge 
30 and 50 g/kg/ pot 
incorporated under 
glass house condition 
F,V with out 
crop 
Increase in available Fe, Cu, Mn 
and Zn concentrations. 
Continued increase in the available 
Fe, Cu, Mn and Zn throughout the 
incubation period. 
 
Moral et 
al. (2002) 
MSW-compost, 
sewage sludge 
compost and 
MSW co 
composted with 
sludge. Two soil 
pH treatments 
(5.8 & 6.5) 
0, 25, 50 and 100 x 
10(6) g/ha 
incorporated under 
field condition 
W tobacco  DTPA-extractable Zn, Pb, Cd and 
Cu increased with increasing soil 
pH at the 100 x 10(6) g/ ha rates of 
co composted in contrast to the 
usual response to increasing soil 
pH, which generally reduces the 
availability of heavy metals in soil. 
 
Baldwin 
and 
Shelton 
(1999) 
Spent mushroom 
compost ,forced 
aeration compost 
and inorganic 
fertilizer 
0, 25, 50 and 100 t/ha 
incorporated under 
field condition 
- 
barley Increase in soil pH, EC and DTPA 
extractable Zn, but a decrease in 
DTPA extractable Fe and Mn. 
Increases in available K, Ca, Mg 
and Na. 
 
Courtney 
and 
Mullen 
(2007) 
Coal fly ash-
stabilized sludge 
0%, 5%, 10%, 35% 
and 50% proportions 
incorporated under 
glass house condition 
H corn Increase in pH caused precipitation 
of soluble cations in the ash sludge 
mixture, resulting in reduction in 
both EC and in DTPA Cu, Zn, Ni 
and Cd  following ash amendment  
 
Su and 
Wong 
(2003) 
The superscripts loamy clay (F), silty loam (G), fine loam (H), sandy loam (I), Lithic xerothents (S), Haploxeralf 
caliorthid soil (T), coastal plain soil (U), sandy clay loam (V) and clay soil (W)   attached on soil, refers to various 
soil types respectively.  
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Moral et al. (2002) found increases in DTPA extractable Cu, Zn, Mn and Fe using 
composted and non-composted sewage sludges under glass house conditions. Increases in 
DTPA extractable Cu and Zn due to applications of municipal solid waste compost were also 
reported by (Bhattacharyya et al. 2006) under field conditions; and significant increases in 
Zn  due to applications of activated sludge in a pot experiment was reported by Mendoza et 
al. (2006). 
A decrease in DTPA extractable Cu, Zn, and Ni in ash stabilized sludge were reported by Su 
and Wong (2003) and a reduction in DTPA extractable Fe and Mn following application of 
spent mushroom compost were also noted by Courtney and Mullen (2007). However, Walter 
et al. (2000) reported no change in DTPA extractable heavy metals after the applications of 
anaerobically digested biosolids in a field experiment. 
Baldwin and Shelton (1999) also reported increases in DTPA-extractable Zn, Pb, Cd and Cu 
with increasing soil pH after the applications of co-composted biosolids in contrast to the 
usual response to increasing soil pH, which frequently reduces the availability of heavy 
metals in soil. 
 
           Mobility of heavy metals 
 
The heavy metal chemical form and its association with inorganic and organic soil 
constituents to a great extent affect its possible movement, retention and plant uptake (Lake 
et al., 1984). Heavy metals in soil exist in a range of physicochemical forms which include 
“free or complexed ions in soil solution, adsorbed species on the surface of clays, complexes 
with Fe and Mn oxyhydroxides, or organic matter, contaminants in the lattice of secondary 
minerals such as phosphates, sulfides, or carbonates, and in the crystal lattices of primary 
minerals” (Berti and Jacobs, 1996). Most of these physicochemical forms involve 
complexation of the metal (Sposito et al., 1982; O’Conner, 1988). For trace metals to move 
in the soil or be taken up by plants, metals have to be in the soil solution. 
Richard et al. (1997) examined the leachability of trace elements as indicated by the toxic 
characteristic leaching procedure of dewatered, composted, N-Viro, pellets, and incinerator 
ash. Toxic characteristic leaching procedure, developed by US EPA (1987) is usually used to 
indicate potential leachability of metals. It was reported that, with the exception of N-Viro, 
very small percentages of Cd, Cr, Cu, Mo, Ni, Pb, and Zn were extracted as a percentage of 
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total content which indicated the potential for leaching and mobility in the soil system is 
extremely low. 
Berti and Jacobs (1996) stated that no fractionation method is completely effective in 
dissolving each distinct form of a heavy metal. It was showed that the toxicity characteristic 
leaching procedure, used to illustrate leaching of heavy metals from wastes deposited in 
landfills, is not sufficient for determining the bioavailability in soils. Baveye et al. (1999) 
reported that metal extractions using nitric acid and DTPA dissolve only a portion of the 
total metal in soils. 
Dowdy and Volk (1983) reported from their extensive review of the literature the conditions 
where movement and leaching of biosolids-borne heavy metals could occur. They found 
very little evidence of heavy metal movement beyond the zone of biosolids incorporation. 
Several studies (Chang et al. 1984; Williams et al. 1987) also reported that there was very 
little movement of heavy metals into the subasoil or below 30 cm. Dowdy et al. (1991) found 
that Cd and Zn concentrations were higher in the 0.32 to 0.62 m depth compared to the 
control. Zn concentrations increased with biosolids application but this was not the case for 
Cu. Low amounts of biosolids-borne Cd and Zn were found in the subsoil after a 14-year 
period of substantial biosolids application than the control plots. 
In contrast, Antoniadis and Alloway (2003) investigated  the movement of heavy metals by 
taking soil samples from a heavily sludged area from a farm treated with 8 t/ha sludge and 
observed that the movement of heavy metals in the heavily sludged area was significant 
moving down to 80 cm soil depth compared to the control. In the sludge treated farm, the 
concentrations of Pb and Zn and the organic matter content were higher than the control 
down to 20 cm, and there was a considerable leaching of Ni down to 80 cm soil depth. They 
suggested the possibility that the metals bound onto organic surfaces moved along with 
organic matter down to that depth. Lower pH and soluble organic matter of soil that is 
induced by sludge application often promote dissolution and assist movement of metals 
(Antoniadis and Alloway, 2002; Richards et al., 2000). Sabien et al. (2008) conducted a field 
experiment using sewage sludge compost and showed that more heavy metals were found as 
mobile species in sandy soil than in clay soil. They observed increases in Cu levels due to the 
effect of sewage sludge compost of anthropogenic origin with lower pH and high organic 
matter content; however, the mobility of Cu was hindered to nearly the initial level after 3-4 
weeks, suggesting that soils have a high specific adsorption capacity to immobilize Cu of 
anthropogenic origin. Hence, the effect on heavy metal mobility and potential availability 
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was greater in sandy sewage sludge compost-amended soils than in clay soils and increased 
with an increasing amount of sewage sludge compost. 
Factors such as receiving soil properties (pH, EC, clay content, hydrous metal oxide content) 
and management practice influence metal bioavailability (Mahler et al., 1987; Hooda and 
Alloway, 1993b; Richards et al., 2001). With regard to heavy metals availability in sewage 
sludge, there are two apparently contradicting theories in the literature. The first theory 
suggests that often the inorganic fraction of sewage sludge is responsible for the strong 
binding effect of heavy metals. Carbonate, phosphate and sulphide form insoluble solid 
phases with many metals and have been observed to account for the significant portion of 
several metals in sludges (Karapanagiotis et al., 1991). Non-crystalline Fe and Al oxides are 
considered for the principal role in metal retention in sludges.  The sludge inorganic fraction 
is primarily responsible for heavy metal retention (Chaney and Ryan, 1993; Brown et al., 
1998; Li et al., 2001) and that with time sludge-borne metals will become less available.  
Hence, it was suggested that sewage sludge properties dominate metal chemistry and 
bioavailability in the short to medium term, in the zone of sludge incorporation (Lake et al., 
1984; Zufiaurre et al., 1998).With time, it is thought that the sludge properties will have 
progressively less influence over metal behaviour and that soil characteristics ultimately 
control metal speciation, irrespective of the speciation in the original sludge (Smith, 1996). 
The time frame over which this occurs is thought to vary greatly; from less than 12 weeks to 
over 8 years (Parkpain et al., 1998; Smith, 1996).The factors that govern this temporal 
change have not yet been identified. 
On the contrary, the second theory proposes that metals held in humic substances, biomass 
and noncrystalline materials that are presumably to be released during ageing and organic 
matter decomposition (Baldwin et al., 1983; Martinez et al., 2001). Due to the 
decomposition of organic matter, the composition of sludge may be altered which tends for 
heavy metals previously bound by organic matter fractions to be released to the soil 
solutions. As organic binding sites are lost through microbial degradation of the organic 
matter, sludge borne metals become increasingly available (Hooda and Alloway 1994), 
because of this reasons the degradation of the organic matter contained in sludge is 
considered by some to be an important factor in the release of heavy metals in sewage 
sludge-amended soils (McBride, 1995; Sadovnikova et al., 1996).  Indeed for some heavy 
metals this has been demonstrated soon following sewage sludge applications (Richards et 
al., 2000). Certainly some of the soluble complexing organic ligands in the sludge are 
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responsible for elevating the mobility of some elements, especially Cu in soils. In this regard, 
McBride et al. (1999) indicated that the solid–solution partition coefficient (Kd) was actually 
reduced from 221 to 208 (l/kg) for Cu when sludge rates were increased from 20 to 50% of a 
soil mix by weight.  Organic matter in sludges may bind metals, but this may be offset by the 
formation of soluble organo-metal complexes and the loss of complexation capacity through 
organic matter degradation (Karapanagiotis et al., 1991). 
Merrington and McLaughlin (2003) reviewed the available literature on the influence of 
sewage sludge properties on sludge-borne metal availability, and indicated that sludge 
properties have a significant influence on metal availability and the potential for metal 
release from sludges mainly depends upon sludge compositional factors. 
There is conflicting evidence in the literature as to whether inorganic or organic fractions of 
sludge play the dominant role in controlling metal availability. Evidence exists for both 
theories, and it is likely that sewage sludge compositional (both inorganic and organic) and 
metal factors have a significant role in affecting sludge-borne metal release properties, 
however it is not clearly understood,  and hence suggested greater use of spectroscopic 
techniques that provide quantitative information on sludge organic matter chemistry 
(Merrington and Mclaughlin 2003). 
It was also suggested that sewage sludge and compost applications to agricultural and other 
non-metal contaminated soils elevate the soil content and the availability of heavy metals to 
be taken up by crop plants. The availability in the soil depends on various factors, and these 
include the nature of the chemical association between a metal with the organic residual and 
soil matrix, the pH value of the soil, the concentration of the element in the compost and the 
soil, and the ability of the plant to regulate uptake of a particular element (Smith, 2009). 
In summary, different agricultural soils may well contain noticeably higher levels of heavy 
metals than usually found in natural soils due to application of fertilizers, pesticides, 
biosolids and atmospheric deposition.  
Undoubtedly heavy metals exist in soil in various physicochemical forms. The mobility, 
retention and plant uptake of heavy metals largely depends on the chemical forms and its 
relationship with organic and inorganic soil constituents. 
The decomposition of soil organic matter by microorganisms could produce organic acids, 
together with carbon dioxide and water, which tends to form carbonic acid. This lowers the 
soil pH increasing the solubility of heavy metals subsequently making them more available 
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to plants. In contrast, an increase in soil pH due to compost applications was also reported by 
a number of researchers. 
The availability of heavy metals to plants and their mobility through the soil system also 
depends on interactions with other elements. Some components such as organic matter can 
interact with certain heavy metals to reduce their availability to plants.  
In general, after the application of biosolids, heavy metals are more likely to become 
bioavailable when the biosolids are sourced from waste water treatment plants (aerobically 
and anaerobicaly digested biosolids) and composted biosolids than municipal solid waste 
composts. Several researchers have indicated that heavy metal mobility and potential 
availability was greater in soils which are sandy or have had their pH lowered by the 
application of biosolids than in clay soils. 
 
2.6.3. Plant uptake of heavy metals from biosolids 
 
 
The transfer of heavy metals into plants 
 
There exists a high tendency for metals (Cd, Cu, Zn) to be transferred from biosolids to soil 
and consequently to crops and to the environment. The concern is the long-term influence of 
these metals at elevated concentrations in the environment while they continue to stay in the 
soil for a long period (McGrath, 1987). As the result of heavy metals adsorption on hydrous 
oxides, clays, and organic matter, the formation of insoluble salts, or the presence of residual 
biosolids particles, metals from land applied biosolids stay in the zone of biosolids 
incorporation usually (0-15 cm depth)  (Alloway and Jackson, 1991).  
Chaudri et al. (2001) indicated that uptake of Cd by wheat was strongly influenced by soil 
pore water, while Bingham et al. (1975) showed that Cd content of plants varies according to 
plant species and plant tissue where cereals and legumes accumulated less Cd in shoots than 
leafy vegetables. 
After the cessation of long-term biosolids application, the continued mineralization of 
biosolids organic matter may release heavy metals into the soil, however the significant 
proportion in the availability of metals from biosolids to plants is in the period soon after 
biosolids application, nevertheless as the decomposition of organic matter declines through 
time, metal availability could be decreased (Bidwell and Dowdy, 1987). 
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Heavy metals uptake by plants might not only be influenced by their concentrations in soil, 
their chemical forms, physicochemical properties of the soil, but also by plant nutritional 
status, stage of growth, and other related factors (Adriano, 1986; Chlopecka, 1996a,b). 
In sandy loam and loam soils, activated sludge or facultative stabilization pond sludge 
application increased the concentration of foliar Cu by 46–87% compared to the control plot 
(Mendoza et al., 2006). Gregory et al. (2006) also reported higher Cu and Zn concentrations 
in the corn grain and stover (corn stalk), radish globes and tops, and lettuce in the biosolids 
treatments than in the control plots and increased with biosolids rate as pH declined. Cu and 
Zn accumulations in particular were dependent on the plant species, as has been reported 
(Corey et al., 1987; Berti and Jacobs, 1996).  
Increased content of bioavailable Cu in soils and increased Cu content in plant tissue 
following compost application were also reported (Murillo et al., 1997; Ozores-Hampton et 
al., 1997). 
Nogales et al. (2001) conducted a column study in a greenhouse to determine the 
availability, extractability and leachability of metals in a degraded, non-calcareous soil 
amended with different biosolids (200 t dry solids/ha). The biosolids investigated were 
dewatered, anaerobically digested biosolids, composted biosolids and biosolids-ash. The 
columns (26 cm) were planted with wheat (Triticum aestivum L. cv Mexa). They reported 
that Cu and Zn uptake by wheat plants increased due to biosolids applications, although to 
different degrees. The highest concentrations of Cu and Zn in the different plant parts were 
caused by the application of digested biosolids, followed by the composted biosolids and 
biosolids-ash. However, they did not detect Ni, Co, Pb, Cr and Cd in the different plant 
samples analysed. The application of the different biosolids increased the total 
concentrations of Cu, Zn, Pb and Cr, measured after harvest, in the surface layer of the soil 
to similar levels, but it did not cause measurable changes in the total soil concentrations of 
Co and Ni. 
Metals derived from sludge are in most cases bound to the organic matter, sulphates, 
carbonates and are less bioavailable to plants than the more soluble forms found in 
commercial fertilizer, nonetheless plant uptake of heavy metals depends on the nature of the 
metal, physicochemical properties of the sludge/soil mixture and plant species. Due to the 
decomposition of biosolids organic matter, the application of heavy metal contaminated 
biosolids may increase metal bioavailability or change the soil metal fractions through time 
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(McBride, 2003). Likewise other researchers (Lane, 1988; Gaskin et al. 2003) also reported 
elevated levels of heavy metals in biosolids amended plots. 
To assess the potential impact of long-term sewage sludge application on soil health, Mc 
Bride et al. (2004) conducted a greenhouse experiment using a soil column with dewatered, 
composted and pelletized sludge products. They found that Mn concentrations in clover 
shoots grown on a number of the soil columns were very high and seemingly phytotoxic. 
This result was due in large part to depressed soil pH; those soil treatments which produced 
strongly acidified soils typically produced very high clover Mn concentrations, at times 
exceeding 1000 mg/kg. Soil pH had a strong influence on the level of extractable metals, and 
since the tested sludge products affected pH differently, it was essential to consider pH in the 
comparison of different sludge treatments with controls. Shober et al. (2007) analysed 
biosolids amended and unamended soil and plant samples taken from production farm in 
Pennsylvania and observed extremely low tissue concentration of Pb indicating minimal 
uptake and translocation of Pb into the crop tissue.  They also reported that crop tissue Ni 
concentrations were not correlated with Ni in any soil fraction; likewise, concentrations of 
Cu and Zn in soybean, alfalfa, and corn grain tissue were not correlated with Cu or Zn in any 
soil fraction; however, concentrations of Cu in all soil fractions were significantly correlated 
with concentrations of Cu in orchard grass tissue. Concentrations of exchangeable and 
reducible Zn were also significantly correlated with Zn in Sudan grass tissue. 
 
  Mechanism, rate and extent of plant uptake 
 
The adsorption of heavy metals on mineral surfaces is probably the dominant process 
controlling metal solution activities. Activity is the effective concentration. When metals are 
added to the soil through the application of biosolids, the solution metal activities would be 
controlled by adsorption to biosolids and soil mineral surfaces, provided that the amount of 
metal added did not exceed the capacity of specific surface adsorption sites in the soil (Corey 
et al., 1981). 
Epstein and Chaney (1978) have suggested that the metal chemistry of a particular biosolids 
may be important in the availability of the metal to plants. Heavy metals can also revert with 
time to chemical forms less available to plants.  
Sposito et al. (1983) found that eventually Zn from biosolids reverted to the less available 
carbonate. However, metal reversion in soil is small and/or slow and can be reversed by soil 
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acidity (Logan and Chaney, 1983). The form of the heavy metal in soil affects its solubility 
and, therefore, the potential for movement through the soil and uptake by plants. 
Organic matter is the most important chelating agent. Once the trace element enters the root 
system, at least two phases involve movement and accumulation in upper plant tissues 
(Chaney, 1975). The first phase involves movement to and release into the xylem sap while 
the second involves movement in the xylem sap to plant tissues.  
Chaney (1983) states that a soil-plant-barrier protects the food chain from toxicity of a trace 
element when one or more of the following processes limits maximum levels of that element 
in edible plant tissues to levels safe for animals. Insolubility of the element in soil prevents 
uptake and mobility of an element in fibrous roots and prevents translocation to edible plant 
tissues. Phytotoxicity of the element occurs at concentrations where the element, in edible 
plant tissues, is below a level that is injurious to animals but high enough to cause injury or 
death to the plant. In biosolids, the elements most likely to be phytotoxic include Cu, Ni and 
Zn. Cu and Ni toxicity retards growth and can inhibit Fe translocation, resulting in Fe 
deficiency and chlorosis. Zn toxicity can also result in retarded growth and symptoms similar 
to Fe deficiency. Phytotoxicity is also dependent upon soil pH, crop species and cultivars, 
biosolids’ metal concentration and other soil and climatic factors (Chaney, 1994). 
At higher cumulative heavy metals biosolids loadings, enrichment of more labile soil 
fractions led to increased crop uptake of Cu and Zn from biosolids-amended soils. 
Hence, it was concluded that several trace elements may be taken up and accumulate in the 
root system with only limited translocation into aboveground tissues.  
Studies of wheat root and shoot tissues in biosolids amended soils reported substantially 
larger amounts of Pb, Cu, and Ni in the roots of wheat (Triticum spp.) than in shoots (Qian et 
al., 1996). 
Adriano (1986) suggested that most of the metal retained in the roots is present in the soluble 
form in vacuoles of root cells, and more specifically in the protoplasmic fractions of the 
roots. One possible reason was that the self-adjusting mechanisms of plants play an 
important role on sequestering the metal in their roots. Only small amounts of metal are 
translocated to the above ground parts of plants. A large part of the Cu and Zn content in 
roots may be retained in root cell walls (Brun et al., 2001). 
 
Several long-term studies on plant uptake of metals from sewage sludge/biosolids revealed 
that plant uptake is a function of plant species, individual heavy metals, soil characteristics 
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and sludge/biosolids characteristics. Sludge/biosolids is both a source and a sink for trace 
elements.  Heavy metal uptake by plants may follow many different rate response functions 
such as linear, sympatric, no response, or even negative (Page et al., 1987). 
Several researchers reported that the uptake by various crops was not linear with trace 
elements or sludge/biosolids’ application rate, but rather approached a maximum and then 
levelled off or decreased (Logan and Chaney, 1983; Corey et al., 1987; Chaney and Ryan, 
1992). Such an incident was called a plateau response. For low-metal biosolids, the 
phytoavailability is controlled by the biosolids’ chemistry (Brown et al., 1998). 
Beckett et al. (1979) suggested that the organic matter in biosolids is responsible for the 
binding effect of metals. McBride (1995) asserted that as the organic matter decomposed, 
heavy metals will be released into more soluble forms and result in increased uptake from 
biosolids. 
Chang et al. (1997) indicated that the “sludge time bomb hypothesis” may show a plateau 
response during the course of biosolids’ application. McBride (1995) stated, “Because soils 
have a finite capacity to immobilize metal by adsorption or precipitation reactions, without 
the protective effect of the sorptive material in the sludge itself, a Langmuir-type relationship 
would be expected.” The plateau effect implies that biosolids are both a source and a sink for 
trace elements applied to soil. At low biosolids’ application, the soil binds the elements and 
plant uptake is linear.  
Similarly, for soils with a low level of metal contamination, a linear correlation between the 
concentration of Cd and Zn in a given soil and the Cd and Zn concentration in plants is 
frequently observed (Iyengar et al., 1981; King, 1988; Zhao et al., 1997).  
In contrast, at very high biosolids’ application rates, the biosolids matrix affects the binding 
of trace elements. The plateau theory, therefore, speculates that the concentrations of heavy 
metals in plant tissue will reach a plateau as biosolids mass loadings are increased and they 
will remain at a plateau after the termination of biosolids’ application. Chang et al. (1997) 
used a set of experimental data obtained from a field biosolids’ land application to evaluate 
the hypotheses of the plateau and the time bomb and indicated that with those set of data, an 
actual plateau or time bomb was not evident. Biosolids’ application had reached 2880 t dry 
solids/ha, which probably represented a worst-case scenario in terms of pollutant loading. 
Sloan et al. (1998) evaluated the recovery of biosolids-applied heavy metals in a field 
experiment. The results of the study showed that biosolids organic matter decomposes 
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slowly when applied to a well-rained silt loam in a temperate climate. Therefore, the rapid 
release of biosolids-derived heavy metals is unlikely to occur. 
Bidwell and Dowdy (1987) showed that Cd and Zn availability to corn, following 
termination of land application of sewage sludge, decreased with time. Corn was sampled for 
6 years after termination of three annual applications of sewage sludge. Cumulative sludge 
applications totalled 0, 60, 120 and 180 t/ha. The results showed that Cd and Zn 
concentrations in corn stover and grain increased with sludge applications where high levels 
of the metals are applied to the soil. There was a decrease in the concentration of Cd and Zn 
in both the corn stover and grain, with time, following application of sewage sludge. The 
corn grain contained significantly lower concentrations of the metals than the stover. For 
most of the treatments and time, there was no difference in Cd concentration in the grain.  
Logan (1997) conducted a field study from 1991 to 1995 reported that different trace 
elements behaved differently following biosolids’ application. Cd, Cu and Zn concentrations 
in corn increased significantly with biosolids’ application, while Ni and Pb levels were lower 
than the control. Cd, Cu and Zn concentrations in corn exhibited a plateau-type response. 
Lettuce concentrations increased linearly with biosolids’ application for Cd, Cu and Zn in all 
years; linear regression slopes generally declined and stabilized after the first 2 years. 
Likewise, Street et al. (1978) also found that the rate of Cd uptake by corn seedlings 
plateaued with respect to increasing concentrations of Cd in soil amended with sludge. 
Dowdy et al. (1978) reported that the concentration of Zn and Cu in bean leaf tissue 
increased with amount of metals supplied to soil through additions of sludge, until they 
reached a maximum concentration which did not respond to further applications of metals. 
The idea of plateau hypothesis was discussed by Chaney and Ryan (1993) in which the 
concentration of metal in plants approaches a plateau with increasing sludge application rate 
because addition of the sludge to the soil increases not only the total soil metal content, but 
also the metal adsorption capacity of the soil, thereby potentially reducing total metal 
availability. 
Precipitation reactions could limit metal solubility (Christensen and Tjell, 1984; Mahler et 
al., 1978). Increases in the total metal concentration in the soil above a critical limit for metal 
precipitation would not lead to further increases in metal concentrations in the soil solution, 
and there would therefore be no further increase in absorption of metals by the plant roots. 
The uptake of Zn and other transition metals by plant roots is suggested to occur through a 
channel (Guerinot and Eide, 1999; Van der Zaal et al., 1999) or carrier mediated process 
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which becomes saturated at relatively low concentrations of substrate in solution (Chaudhry 
and Loneragan, 1972; Hamon, 1995; Grotz et al., 1998;). At metal concentrations at which 
the uptake mechanism is saturated, there would be no further increase in metal uptake with 
increasing concentrations in the soil solution. 
However, McBride (1995) proposed that plant and not soil mechanisms could account for the 
observed plateau in metal uptake. Baker (1981) described different strategies which could 
allow plants to tolerate elevated concentrations of metals in the soil. One strategy was the so-
called ‘excluder’ mechanism whereby the plant blocks the translocation of metals from the 
root to the shoot in order to reduce the accumulation of toxic metals in the leaves. 
To examine concentrations of Cd and Zn in the plants and in corresponding rhizosphere soil 
solution, Hamon et al. (1999) conducted a greenhouse incubation experiment using 
Raphanus sativus L in a soil historically amended with sewage sludge at different rates and 
reported that metal concentrations in the plants displayed a plateau response. However, 
concentrations of total or free metals in the soil solution did not display a similar plateau 
response; hence they contended that the pre-requisite for determining that metal uptake by 
plants was limited by sludge chemistry was not met. It was concluded that evidence of a 
sludge driven plateau response in metal uptake by plants will only be obtained when studies 
have found a good hyperbolic relationship between soil solution metal concentrations with 
increasing sludge application rate and can link this to a plateau response in plant uptake of 
metals. Plant physiological factors such as a molecular block to uptake or translocation of 
metal is involved in regulating metal uptake or saturation of the metal uptake mechanism at 
the root surface were responsible for the plateau in plant metal concentrations observed in 
their study. 
Zaier et al. (2010) evaluated the capacity of canola to remove metals from soils amended 
with sludge. Seedlings were cultivated in presence of sludge combined with and with out 
EDTA in the soil. Sludge increased significantly biomass production and an increase in Pb, 
Zn and Mn shoot concentrations of canola. EDTA application does not affect significantly 
plant growth; however, as a chelator it enhanced shoot metals accumulation. It was 
concluded that canola can be used for the decontamination of affected soils and that the 
EDTA addition increases the ability of canola to accumulate heavy metals. Growing of 
canola on sewage sludge-amended soils may possibly be a solution to reduce toxic metal 
concentrations in soils and avoid the risk of groundwater and food heavy metal-induced 
contamination. 
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Marchiol et al. (2004) investigated the phytoextraction potential of canola and radish, the 
crops were grown on a multi-metal contaminated soil in a pot-experiment and the results 
showed that both plants were moderately tolerant to heavy metals and radish was more 
tolerant than canola. It was concluded that both crops could possibly be used with success in 
marginally polluted soils where their growth would not be impaired and the extraction of 
heavy metals could be maintained at satisfying levels.  Rasmus et al. (2009) reported no 
significant increases in concentrations of Cu, Fe, Zn and Mn in oats shoot, but a considerable 
increase in levels of Ni and Co in oats shoot for oats crop grown on acid sulphate soil with 
varying geochemical characteristics. Bjerre and Schierup (1985) studied the influence of 
adding heavy metals into soil on the level of uptake of these metals by oat. The results 
indicated that addition of Cd increased the concentrations of Cd in all oat plant parts but 
lower concentrations of Cu, Zn and Pb in the plant shoot were observed. Uptake of metals by 
oats was dependent on soil type, with the greatest uptake recorded from sandy soil, generally 
the total metals uptake was lowest from organic soils as compared with when Cd was added 
separately. 
Overall, bioavailability of heavy metals from biosolids to plants can be affected by several 
factors; these may include, individual trace elements, physicochemical properties of the soil 
and sludge/biosolids characteristics. The transfer of heavy metals to plants also differs with 
plant species, varieties and the different plant parts. In most cases, heavy metals tend to 
concentrate in plant leaves rather than in the grain or fruit parts. Long term studies conducted 
by a number of researchers showed that the sludge time bomb hypothesis which states that 
the decomposition of biosolids organic matter through time may release soluble forms of 
heavy metals into the soil and their subsequent transfer into the plant system did not occur. 
Several researchers also indicated that plant uptake of heavy metals from land applied 
biosolids was not linear, but showed a plateau response where heavy metals in plant reached 
maximum and levelled or decreased following biosolids applications.   
 
2.7. Nutrients in biosolids  
 
Nutrients in biosolids are usually not readily available to the plants and are released slowly, 
which may enhance nutrient uptake efficiency and, as a result, reduce risks associated with 
nutrient losses. Nitrogen, phosphorus, and sulphur are the major plant nutrients contained in 
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biosolids and are utilized to the greatest extent by plants (Epstein, 2002) and this review 
focuses mainly on the major nutrients (N, P and S) in biosolids.  
 
2.7.1. Nitrogen in biosolids amended soil 
  
Nitrogen is a growth limiting factor for many of the plant species grown on biosolids 
amended soils; it is found in biosolids in both organic and inorganic fractions, the quantity 
being dependent on the method of sewage and sludge treatment processes (Smith, 1992; 
Smith, 1996). 
The long term value of biosolids applications could be the provision of supplying slow 
conversion (mineralization) of organic-N to inorganic-N (NO3-N and NH4-N) fractions 
during the growing season of the crop (Erhart et al., 2005).  
Table 2.7 describes the effect of loading different rates of organic wastes on the levels of 
total and extractable nitrogen in soil. A number of researchers (Hernandez et al. 1991; 
Harrison et al. 1994; Banuelos et al. 2007; Tarrason et al. 2007) reported increased 
concentrations of total nitrogen following application of digested fresh biosolids, composted 
sludge, municipal sewage sludge and anaerobically digested sewage sludge under field 
conditions.  
Significant increases in NO3-N levels because of biosolids applications were also reported by 
Hernandez et al. (1991) ; Stewart et al. (1998) ; Rodrigue et al. (2003); Wang et al. (2003) ; 
Bakhsh et al. (2005) ; Correa et al. (2006) in  field and pot experiments. However, Tarrason 
et al. (2007) found a decrease in NH4-N and NO3-N fractions following the applications of 
anaerobically digested sludge on a calcareous loamy soil under field conditions. Parkinson et 
al. (1996) reported no change in NO3-N after the applications of municipal solid waste and 
green waste compost on a fine loam soil under field conditions. 
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Table 2.7 Effect of various organic amendments on total and extractable nitrogen in amended soil under different field and glass 
house conditions. 
Organic waste types Experimental details Soil  Crop types Effect on total and extractable nitrogen References 
 
Anaerobically-digested fresh 
sludge  composted sludge and 
thermally dried sludge 
10 t ds/ha surface applied in a 
field 
A Rye grass , orchard 
grass and tall fescue  
Decrease in NH4-N and NO3-N, 
eventual increases in TN 
Tarrason et al. 
(2007)  
 
Aerobic or anaerobic sewage 
sludge, Chicken manure, 
Added to raise soil oxidisable 
carbon by 1.5% under field 
C  Maize and barley 
 
TN increased for all organic waste 
types 
 
Hernandez et 
al. (1991) 
Anaerobic municipal sewage 
sludge 
 
0, 2.4, 17, and 60 t ds/ ha/year 
surface applied under field 
P  Monterey pine No NO3-N and NH4-N leaching 
2.4 t/ ha/ yr application for two yrs. 
Repeated applications. 
Arbestain et 
al. 2005) 
Aerobic or anaerobic sewage 
sludge. Chicken manure, 
Added to raise soil oxidisable 
Carbon by 1.5% 
C Maize and barley  NO3-N increased for all organic waste 
treated plots 
Hernandez et 
al. (1991) 
Municipal sewage sludge 500 t ds/ha incorporated under 
field condition 
B Lombardy popular, 
Douglas fir and 
ponderosa pine 
Three fold increases in TN Harrison et al. 
(1994) 
Class A biosolids 1.9, 5.8 and 11.7 t ds/ha 
incorporated under  field  
I apricot Significant increases in TN Banuelos et 
al. (2007) 
Municipal solid waste compost 90 t ds/ha  incorporated 
annually for three years in a 
field 
E Corn Higher NO3-N leaching in 1st and 2nd 
year but not in the 3rd year 
Hartl et al. 
(2003) 
Biosolids, coal ash and compost 205 g/pot incorporated in a pot D Sunn hemp and Sudan 
grass  
25 fold increase in NO3-N in leachate, 
low NO3-N in yard compost 
Wang et al. 
(2003) 
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Table 2.7 continued Effect of various organic amendments on total and extractable nitrogen in amended soil under different field and glass house 
conditions.  
Anaerobically digested biosolids 120 kg/ha incorporated under 
field condition 
J soybean Low NO3-N leaching due to high 
denitrification  
 
Angle et al. 
(2003) 
undigested liquid, digested liquid and 
dewatered, anaerobically digested 
cake 
4, 8, and 16 t dry solid /ha 
incorporated in a tube study 
I rye grass Increased NO3-N in plants due to each 
sludge type applications 
Smith and 
Tibbett (2004) 
fresh sewage sludge, composted 
sludge, limed sludge, heat-dried 
sludge and solar-irradiated sludge 
0.5–8.0 t/ dry solid/ha 
incubated under glass house 
K,L No crop NO3-N levels increased due to biosolids, 
but NO3-N leaching was very low 
Correa et al. 
(2006) 
Fresh sludge 8, 16 and 24 t/ dry solid/ha 
incorporated in field 
M maize significant increase in NO3-N following 
biosolids applications 
Rodrigue et al. 
(2003) 
Compost 0, 22 and 44 t/ ha 
incorporated under field 
condition 
N broccoli Positive correlation between broccoli 
weight and leaf N to soil nitrate-N, but low 
NO3-N  in compost treated plots  
Stamatiadis et 
al. (1999) 
compost 7.5kg/10m2 surface applied 
in a field 
D lettuce significant correlation between leaf and soil 
nitrates  
Patriquin et al. 
(1993) 
Municipal solid waste, sludge & 
green waste compost 
15,30 and 50 t/ha fm G - NO3-N in compost treatments were not 
different from control 
Parkinson et 
al. ( 1996) 
Municipal solid waste compost 50 and 100 t/ha fm and 75 
and 150 kg N/ha  
incorporated under  field  
F Corn NO3-N in compost treated plots were the 
same as fertilizer plots 
Rodrigue et al. 
( 1996) 
liquid swine manure and urea 
ammonium nitrate 
82-262 kg N/ha incorporated 
in under field condition 
H Corn and 
soybean  
increased NO3-N in tile due swine manure 
applications 
Bakhsh et al. 
(2005) 
Spent mushroom substrate 0, 20, 40, or 80 t/ha ( moist) 
incorporated under field 
condition 
- 
potato, cabbage 
& sorghum 
bicolor  
increase in soil inorganic N Stewart et al. 
(1998) 
The superscripts calcareous loamy( A), coarse textured (B), calciorthid(C) gravelly loamy and calcareous,(D), loamy sand (E), loamy clay (F), silty loam (G), fine 
loam (H), sandy loam (I), coarse loam (J) , podosol (K), clay ferrosol (L), lime loam Ah horizon (M) and silty clay (N) attached on soil, refers to various soil 
types respectively.  
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2.7.2. Phosphorus in biosolids amended soil  
 
Beneficial reuse of biosolids and manures based on crop nitrogen requirements, supplies 
phosphorus in excess of crop needs. Excess soil phosphorus is not harmful to plants when 
biosolids are used for nitrogen fertility (Peterson et al., 1994).  
However, off-site migration to aquatic systems is a major concern because phosphorus is the 
limiting nutrient in most freshwater systems (Sharpley and Beegle, 1999). Phosphorus moves 
from agricultural fields either in a dissolved form or attached to soil particles. When soil 
phosphorus levels are not excessive, up to 90% of the phosphorus transported from cropland 
is bound to soil particles (Sharpley and Beegle, 1999). Thus, erosion control measures 
prevent significant off-site phosphorus movement. However, some agricultural fields have 
soil test P levels in the high and very high category, and off-site transport of soluble 
phosphorus can be important. 
The impacts of loading a range of biosolids types on the concentrations of total and 
extractable soil phosphorus in field experiments are summarized in Table 2.8 and 2.9.  
Several workers (Stewart et al. 1998; Penn and Sims 2002; Arbestain et al. 2005; Alves et al. 
2006; Courtney and Mullen 2007; Kidd et al. 2007) recorded significant increments in 
Olsen-P levels following different biosolids application on various soil types. Increases in 
total soil phosphorus due to the applications of municipal sewage sludge were also reported 
by Harrison et al. (1994). 
A considerable amount of Al and Fe present in many of the biosolids because of chemical 
additions to the waste water and sludge treatments processes or because of water treatment 
residuals are discharged to sewers. For biosolids with too little Al and Fe, chemical addition 
(Moore et al., 1999) or co-application with water treatment residuals (O’Conner and Elliot, 
2000) can dramatically increase phosphorus fixation and in turn eliminate concern over 
phosphorus leaching in biosolids amended soil. Soon and Bates (1982) also observed an 
increase in phosphorus solubility due to a decrease in soil pH following addition of  Fe 
treated sludge. 
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Table 2.8 Effect of anaerobically digested various organic waste amendments on total and extractable phosphorus in soil under 
different field and glass house conditions 
Organic waste types Experiment details Soil  Crop  Effect on total and extractable phosphorus 
 
References 
Anaerobically 
digested sewage 
sludge 
154-271 kg P/ha for cotton 
wood and 195-350 kg P/ha 
for switch grass six years 
surface applications (field). 
 
O switch grass & 
cotton wood 
HCl soluble fraction of -P transformed to more labile forms 
(NaHCO3–Inorganic P) because of the relatively low pH of 
the biosolids-amended soil. 
Thomson et 
al. (1999) 
Anaerobic municipal 
sewage sludge 
 
0, 2.4, 17, and 60 t ds/ 
ha/year which was 
equivalent to 0, 1.2, 8.4 and 
29.8 kg Olsen P/ha surface 
application  
( field) 
P Monterey pine Highest Olsen-P (1116 µg/g) observed at the 60 t/ha sewage 
sludge amended plots. Total P in foliar tissue of the tree was 
higher than control plots. 
 
Arbestain et 
al. (2005) 
Anaerobically  
digested, aerobically 
digested 
undigested biosolids 
and a biosolids 
produced  
by a biological 
removal technique 
and poultry litter 
200 kg P/ha biosolids and 
poultry litter and 45 kg P/ha 
fertilizer incorporated  
( field) 
 
G,I Corn, soybean 
& alfalfa 
Biosolids produced with a biological nutrient removal 
technique process caused the highest increases in extractable 
soil P and runoff dissolved reactive phosphorus. Biosolids 
produced with iron only had the lowest extractable P and 
caused the lowest increase in extractable soil P and runoff 
dissolved reactive P. Addition of Fe to soils through biosolids 
may be beneficial in preventing P losses through runoff by 
increasing soil P sorption capacity. 
 
Penn and 
Sims (2002) 
Anaerobically  
digested sewage 
sludge 
Incorporated in a field 
experiment 
E Corn  Soil Fe and Al oxide content was increased. This increased P 
retention, occurred through sorption and occlusion by the 
oxides. 
 
Soon and 
Bates (1982) 
Anaerobically 
digested sewage 
sludge 
1000 t ds/ha biosolids which 
was equivalent to 3405 kg 
P/ha was added in a 
lysimeter experiment 
Q - A very high level of Olsen-P in the sludge amended soils 
throughout the experiment and a very low rate of PO4 3- 
leaching, indicating P was adsorbed rather than solubilised in 
this soil/sludge mix. 
Zhang et al. 
(2004) 
The superscripts refer to various soil types and textures, for coarse textured (B, loamy sand (E), silty loam (G), fine loam (H), sandy loam (I), , Mollisol (O), 
Cambisol (P), coarse sandy(Q), medium textured  and dystrophic red lotosol (R),  attached on soil, refers to various soil types respectively.  
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Table 2.8  continued Effect of aerobically digested  and other various organic waste amendments on total and extractable phosphorus in soil under 
different field and glass house conditions 
Organic wastes  Experiment details Soil  Crop  Effect on total and extractable phosphorus 
 
References 
Aerobically digested 
biosolids 
5, 10, 20, and 40 t ds/ ha incorporated in 
a field, biosolids had 18 mmolec dm-3  
resin extractable P concentration 
R sorghum 
bicolor 
Increased soil P at 40 t/ ha rate, except for the 
treatment with 20 t/ ha. 
 
Alves et al. 
(2006) 
Spent mushroom 
compost ,forced 
aeration compost and 
fertilizer 
0, 25, 50 and 100 t ds/ha equivalent to 
57, 114 and 289 kg P/ha were 
incorporated in a field experiment 
- 
Barley Composts significantly raised plant-available 
phosphorous levels.  
Courtney and 
Mullen 
(2007) 
Spent mushroom 
substrate 
0, 20, 40, or 80 t ds/ha ( moist) , 
equivalent to 56, 112 and 224 kg P/ha 
were incorporated into soil (field)  
- 
Potato, 
cabbage & 
sweet corn 
Increase in Olsen extractable P from 13.8 mg/L  - 
63.5 mg/L at 80 t/ha spent mushroom compost 
rate. 
  
Stewart et al. 
(1998) 
Digested sewage 
sludge incorporated 
in pots  
Control soils limed with 2 t CaCO3 /ha 
and fertilized 150 kg P/ha, 200 kg K/ha 
as KH2PO4 and 100 kg N/ha as NH4 and 
NO3 at a biosolids disposal site. 
 
I Maize, 
Alpine 
alyssum & 
gum cistus 
10 fold increase in Olsen-P, pH and CEC. Kidd et al. 
(2007) 
Municipal sewage 
sludge 
500 t ds/ha which is equivalent to 9100 
kgP/ha was incorporated a field 
experiment 
B Lombardy 
popular, 
Douglas fir 
& ponderosa 
pine 
Five fold increase in total phosphorus levels. Harrison et 
al. (1994) 
Compost and manure 8.58 t ds/ha (compost)  and 14 t ds/ha 
(manure)  equivalent to 53.6 kg P/ha and 
10 kg P/ha , respectivelyfor 5–6 years 
incorporated in a field  
H potato Increases  in inorganic and organic soil P. 
Decreasing P solubility as pH increases from 5 to 7 
which were attributed to increasing hydrolysis of 
exchangeable Al and subsequent reaction of the 
hydrolytic species with soluble P. 
Erich et al. 
(2002) 
The superscripts refer to various soil types and textures, for coarse textured (B), loamy sand (E), silty loam (G), fine loam (H), sandy loam (I), , Mollisol (O), 
Cambisol (P), coarse sandy(Q), medium textured  and dystrophic red lotosol (R),  attached on soil, refers to various soil types respectively.  
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Most organic P compounds have a reduced solubility in acidic soils, and become 
stabilized by association with clays and humic compounds (Goring and Bartholomew, 
1952; Anderson and Arlidge, 1962). This is evident by the negative correlations between 
bicarbonate-extractable organic P and soil pH (Tiessen et al., 1984), and it affects the 
relative bioavailability of bicarbonate-extractable organic P from a range of soil types. 
The effect of increasing pH on soluble P is dependent on soil mineralogy as well as initial 
and final soil pH. Soils in which aluminosilicates are the predominant P adsorbents may 
show a decrease or no change in P solubility with increasing pH (Traina et al., 1986).  
Erich et al. (2002) observed a decreasing P solubility as pH increases from 5 to 7 which 
was attributed to increasing hydrolysis of exchangeable Al and subsequent reaction of the 
hydrolytic species with soluble P. Any soil which contains less than 2 mmol Al/kg is 
unlikely to show a decrease in soluble P with an increase in pH up to 7 (Traina et al., 
1986).  
Otabbong et al. (1996) investigated the effects of pH on the availability of P from 
municipal sewage sludge and found that solubility of P in sludge relative to single 
superphosphate fertilizer decreased in response to increasing soil pH (as a result of 
liming). 
Al phosphates and Fe phosphates are the predominant P minerals in soils with pH levels 
below about 6.5 (Havlin et al., 1999). The solubility of these minerals decreases at lower 
pH, directly opposite to the solubility for calcium phosphates. Therefore, P is most 
available around pH 6.5, because at lower pH levels, P retention is high due to Al-P and 
Fe-P precipitation, and at higher pH levels, Ca-P minerals precipitate. 
In summary, the use of different biosolids at various rates with a range of crops and soil 
types increased the N and P status of the soil. Excess N and P applied to soils can be a 
source of pollution in both ground-and surface water. Nitrate can move through the soil 
profile into groundwater resources, and P and N in runoff and eroded particles can enter 
surface waters which may result in eutrophication. The likelihood of P run off is very 
dependent on type of soil, biosolids treatment process and pH of soil and biosolids. 
 
The preceding discussion has centred on biosolds that have not undergone further 
processing after aging. When biosolds are co-composted with vegetative materials the 
organic composition of the resultant product is likely affect P availability. 
Xiong et al. (2010) investigated the effect of adding wood sawdust and maize straw on 
sewage sludge during co-composting on the formation and molecular transformation of 
humic substances. The findings indicated that the composting process increased humic 
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acids and lowered the levels of fluvic acids, in particular the wood sawdust and maize 
straw increased the humic acid by 25 % and 16 % respectively. It was concluded that 
organic bulking agents such as wood sawdust improved Cd and Cu complexing ability of 
humic acids. 
Smidt et al. (2008) investigated the influence of adding lignin on the humification 
process during co-composting of different lignin sources under a laboratory experiment  
The preliminary results showed that addition of 2-5% of lignin powder improved humic 
acid formation; however, biodegraded wood added during the co-composting process did 
not produce higher humic acid contents in the short time laboratory scale composting. 
It was concluded that due to economic reasons addition of black liquor from pulp 
production with no pre-treatment could enhance compost quality. 
Wang et al. (1995) examined the impact of adding humic acids on phosphorus fertilizer 
transformations in an alkaline soil under laboratory condition. 
Results of the study demonstrated that addition of humic acids to soil with P fertilizer 
considerably increased the amount of water soluble phosphate strongly retarded the 
formation of occluded phosphate and increased P uptake and yield by 25%. 
It was concluded that addition of humic acids reduces phosphorus fixation and increased 
water soluble phosphorus where wheat yield and phosphorus uptake increased due to the 
addition of humic acids. 
Singh et al. (1990) examined the production of humic substances and their ability to 
retain phosphorus and calcium liberated during composting of wheat straw with two 
types of low-grade rock phosphate materials. The results indicated that quantities of 
humic acids increased as composting time increased, but fulvic acids production 
decreased after 30 days of composting. The addition of Mussoorie phosphate and 
Hyperphos hindered humic acids production and improved fulvic acids production. The 
production of humic acids and their retention capacity for phosphorus and calcium were 
greater in the presence of Mussoorie phosphate than Hyperphos material. 
Humic substances, particularly fulvic acids, adsorb a considerable amount of calcium and 
release H +ions which would solubilize rock phosphate. Humic substances released 
during composting may possibly ensure the reprecipitation of solubilised phosphorus and 
calcium by complexing both ions and creating a sink in the system for further dissolution 
of rock phosphate. 
Sathiyabama et al. (2003) investigated the influence of adding potassium humate on 
nutrient release, organic carbon and cation exchange capacity of an Alfisol in a laboratory 
incubation experiment. The application potassium humate increased the release of 
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nitrogen, phosphorus and potassium and showed a linearly trend. Nitrogen and 
phosphorus increased for two months period, but potassium release reached plateau on 
forty five days after incubation 
Significant increases in organic carbon and cation exchange capacity of the soil was also 
noted at the end of the composting period. 
The literature suggests that composting biosolids blended with various organic wastes 
significantly increased the quantity of humic acid produced and reduced the levels of 
fulvic acids. Humic substances released during composting may solubilise phosphorus 
and increase its availability to plants. 
 
Phosphorus fertilizer equivalency of biosolids 
 
  
Unlike N contained in biosolids, the bulk of biosolids P exist in inorganic forms and 
hence, the inorganic P form determines the plant available P in biosolids treated soil soils 
(Fine and Mingelgrin, 1996). Similar to conventional fertilizer P, the forms of P which 
are chemically bound to Fe or Al in biosolids (O’Connor et al., 2004) are the major P 
forms in biosolids amended soil (Chang et al., 1983, Maguire et al., 2000, Su et al., 2007, 
Folle et al., 1995). Due to the greater reactivity of Al, the level of Al-P is higher than Fe-
P in biosolids amended soils (Folle et al., 1995). 
In order to determine appropriate loading rates to satisfy crop requirements and prevent 
losses to the environment, Prichard (2005) examined the relative effectiveness of P in 
anaerobically digested dewatered biosolids compared to inorganic P fertiliser in field and 
laboratory experiments on a sandy soil with low P sorbing capacity under Western 
Australian condition. 
By comparing shoot uptake of P at 33 days after sowing of wheat crop, the P equivalency 
of biosolids relative to Monocalcium phosphate was 118% in the first crop, 33% in the 
second crop and 16% as effective in the third crop. A field investigation was also 
conducted using wheat and lupins in a lateritic podzolic soil, compared to freshly applied 
triple superphosphate, the first year P equivalency determined by grain harvest was 
67‐79% relative to triple superphosphate with a residual value of 47% in the second 
year.  
During the field experiment, surface application of biosolids with no incorporation 
decreased the plant available P compared to incorporation, by approximately 40% 
indicating the importance of placement and physical factors impacting the uptake of P by 
plants (Pritchard, 2005). 
 68 
 
Barry et al. (2006) conducted four field trials in Queensland to investigate the fate of P in 
anaerobic and aerobic biosolids amended soil. The total P loading rate was at 1 NLBAR 
(all > 400 kg P ha‐1) exceeding of typical fertiliser applications rate of 20‐40 kg P ha‐1. 
The results showed that biosolids application increased crop P uptake and crop responses 
were site dependent, consistent with background soil P concentrations. The cumulative P 
removed by the crop from biosolids at each site was between only 1.5‐5 % of the total P 
added, which may indicate concerns about the potential for leaching of residual P in the 
soil profile 
Under Western Australia acidic sandy soil with low extractable P condition, Rigby et al. 
(2010) showed lower bioavailability of alum treated sludge. The results indicated that the 
alum biosdolids applied at rates between 0.5 - 4.5 NLBAR provided insufficient P for 
wheat growth; shoot tissue from alum sludge treatments was deficient in P, whereas 
wheat fertilised with inorganic fertiliser P had adequate shoot P concentrations.  In the 
second year of the experiment, the availability of P in alum sludge amended soil did not 
improve, with barley growth and nutrient uptake showing a similar pattern to first year 
observations. 
 The availability of biosolids P depends on soil type, pH, Fe and Al content and biosolids 
treatment technique. The availability of biosolids P is in the range ‐20‐130% as 
available as inorganic fertiliser P. The majority of P forms is bound to Fe and Al in the 
biosolids and is not readily extractable and thus P in biosolids is generally less available 
than inorganic fertiliser P and P from organic manures. During wastewater treatment, 
chemical treatment techniques employed to remove P from waste water, further reduce P 
availability in biosolids. Compared to a mean of 49% (range 34‐70%) with chemical 
treatments employed to remove P, the mean P equivalency of anaerobically digested 
biosolids with no chemical P removal is 56% (range ‐22‐100%). Anaerobically 
digested biosolids generated from biological phosphorus removal processes had a greater 
mean P equivalency of 76%.   
Heat drying decreases P availability due to a reduction in soluble P forms. Lime treated 
biosolids may also influence P availability, depending on their influence on soil pH. 
Biosolids type and soil type interactions is crucially important in determining P 
availability as P binds to Fe and Al compounds at low soil pH values and Ca at high pH 
values, but solubility usually increases with increasing pH. The phosphorus saturation 
index (PSI) is a measure of the ratio of oxalate extractable P to the sum of oxalate 
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extractable Fe and Al, when biosolids are added to soil the PSI of the soilbiosolids blend 
will determine the P availability. A PSI greater than one indicates that there is labile P 
present that is not associated with Fe and Al precipitates and a phosphorus saturation 
index  less than one indicates that there is little labile P (O’Connor et al., 2004). 
The availability of biosolids P may possibly be dependent on physical factors such as 
placement of biosolids. Phosphorus has low solubility and is generally not mobile in soil.  
 
Plant uptake of P from biosolids  
 
Differences in the phytoavailability of P in various biosolids are crucially important for 
the efficient utilization of biosolids P for agronomic uses (O'Connor et al., 2004). 
Barbarick et al. (2004) applied composted biosolids at rates of 0, 5, 10, 20, 40, and 80 
t/ha to a harshly burned, formerly forested site to enhance soil C and N levels and 
observed that soil and plant tissue P concentrations of stream bank wheatgrass increased 
with increasing application rates of biosolids which significantly enhanced forage quality 
and improved nutrient cycling. 
Kidd et al. (2007) conducted a laboratory experiment using sandy loam soils collected 
from a field where dry digested sewage sludge from a wastewater treatment plant had 
been applied every two years for more than 10 years. The control soils were limed with 
agricultural limestone (applied at a rate equivalent to 2 t CaCO3 /ha) and then fertilized 
with 150 kg P/ha, 200 kg K/ha as KH2PO4 and 100 kg N/ha as NH4NO3. The dry digested 
sewage sludge amended soils were neither limed nor fertilized. Soils were adjusted to 
80% of their water holding capacity and left for two weeks to attain equilibrium. Two 
wild plants (Alyssum serpyllifolium and Cistus ladanifer) and a maize crop (Zea mays) 
were planted. The results indicated that P uptake was significantly greater in plants 
growing on dry digested sewage sludge amended soils and this was most pronounced in 
the hyperaccumulator, Alyssum serpyllifolium. However, tissue P content in maize did not 
differ greatly between plants grown on control or amended soils, suggesting that P was 
added in excess and under maize cultivations there is a higher risk of P loss through 
leaching. 
Marschner et al. (2007) conducted a commercial fertilizer experiment to assess the role of 
soil type on growth, P uptake and rhizosphere properties of wheat and canola genotypes 
in an alkaline soil with low P availability under field conditions. Phosphorus (200 mg P 
/kg) was added as Ca3(PO4)2.  
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Shoot and root dry weight, root length and shoot P content were greater in the two canola 
genotypes than in wheat. Canola genotypes had a greater dry weight and took up more P 
than the wheat genotypes. Furthermore, growth and P content was improved by P 
addition in the canola but not in the wheat genotypes. The canola genotypes had a greater 
root length compared to the wheat genotypes, leading to a greater soil volume exploited. 
The importance of root length was also evident in the strong correlation with P content, 
particularly in canola. Thus, despite similar concentrations of available P in the 
rhizosphere, total shoot P content was greater in the canola than wheat genotypes and 
concluded that the greater soil volume utilized by the canola crops may explain their 
capacity to respond to P addition. Canola crops have also been shown to increase P 
solubility by release of organic acid anions into the rhizosphere and/or changing the 
rhizosphere pH (Hoffland et al., 1989; Hoffland, 1992; Gerke and Meyer, 1995; Imas et 
al., 1997).   
Phosphatase enzymes discharged by the roots of most plants have the ability to 
decompose organic P enhancing P availability by plants (Tarafdar and Claassen, 1988), P 
mobilization through chelation and ion exchange could also be accountable for high 
phosphorus uptake by plants. 
Rendel et al. (2007) investigated the effect of management systems and crop rotations on 
soil P fractions and selected soil properties in a volcanically derived Ultisol under field 
conditions. The study evaluated two tillage systems, no tillage and conventional tillage, 
and two crop rotations, oat-wheat and white lupin-wheat in order to determine the effects 
of such management in the lability of P in the soil. The study showed that significantly 
higher labile and relative soil labile P forms in the oats-wheat rotation than in the lupine-
wheat rotation.  
Rotations with oats have been shown to have more relatively labile P; hence lupin 
cropping depleted more non labile P to relatively labile P, suggesting that lupine is able to 
take up P from this stable pool which could be related to lupine’s ability to enhanced root 
release of organic acid anions at limiting P supply (Horst et al., 2001). It was also noted 
that soil pH was positively correlated with labile P fractions, but negatively correlated 
with the relatively labile NaOH-Po. The results suggest that the enhanced phosphatase 
activity of lupine caused only a slight accumulation of labile Po in subsequent wheat and 
a depletion of non-labile P, but oats rotation accumulates more relatively labile organic P, 
protecting it from becoming unavailable for plants. This suggests that the inclusion of 
plants like oats or lupine in crop rotations as well as tillage cropping, could prevent P 
accumulation in soils under fractions with lesser availability to plants. 
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In general, several researchers reported increases in P uptake by different plants for some 
of the used for land applications, and P uptake depends on the forms and characteristics 
of P in the biosolids. The uptake of P differs with plant species, since the roots of various 
plants release different levels of phosphatases into the soil which can mineralize the 
organic P further increasing P availability and its subsequent uptake. 
 
2.8. The response of various crops to fertilizer and biosolids 
amendment 
 
The yield response of a range of crops to different types of biosolids and sludge 
applications is summarized in Table 2.9. Several researchers reported that the addition of 
biosolids, sewage sludge and municipal solid waste compost to crop land increased the 
growth and yield of wheat, barley, maize and soybean (Hernandez et al., 1991; Zhang et 
al., 2000; Qasim et al., 2001; Karin et al., 2003; Antolin et al., 2005 and Kim et al., 
2007).  
Dowdy et al. (1978) reported that the increase in crop yields due to biosolids applications 
frequently exceeded that of conventionally fertilized control plots.  
Such increases in the yield of crops were due to the ability of biosolids to increase the 
organic matter content, water holding capacity of soil and provision of available plant 
nutrients to the crops; however the responses of various crops to biosolids applications 
would also depend on external factors such as rainfall, soil and crop types and biosolids 
characteristics, these factors also determine the rates of biosolids applications. Therefore, 
further study that focuses on the land application of biosolids under crop rotation would 
be necessary, particularly taking into account site specific soil, plant and biosolids 
characteristics.  
Yasari et al. (2008) evaluated the influence of conventional fertilizer (NPK) applied 
together with S and Zn, singly or in combination on yield and nutrient uptake of canola.  
The results showed that higher seed yield were obtained at the higher fertilizer 
application rate which coincided with higher concentrations of nutrients (N, P, K, S and 
Zn) in canola leaf at flowering stage indicating significant levels of translocation of 
nutrients at various stages of plant growth and with higher number of pods per plant.  
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Table 2.9 Effect of various organic waste amendments at different rates on the yields of a 
range of crops under glass house and field conditions 
Crop types Organic amendment rates Effect on crop yield References 
Herbaceous 
mixture of 
plants 
Anaerobically digested 
biosolids (40, 80 and 120 dry 
t/ha) 
Significant increments were found 
in total plant cover and total 
biomass production. 
Walter et al. (2000) 
Maize and 
barley 
Aerobic or anaerobic sewage 
sludge, Chicken manure. 
Added to raise soil oxidisable 
carbon by 1.5% 
Yield of maize and barley 
increased 
Hernandez et al. 
(1991) 
Soybean Dewatered-digested sludge 
and composted sludge, 
Alkaline stabilized sludge 
Increase in soybean seeds yields in 
limed sludge-treated soils, with the 
highest yield in the composted 
treatment, followed by the 
dewatered-digested sludge and 
alkaline stabilized sludge  
 
Kim et al. (2007) 
 
Wheat and 
barley 
 
Air dried biosolids at 2-10 dry 
t/ha application 
 
Improved dry biomass and yield of 
wheat and barley 
 
 
Karin et al. (2003) 
Cotton  0, 10, 30 and 50 dry t/ha 
sewage sludge in a clay loam 
soil 
 
Increased cotton yield from 2.47 to 
3.35 t/ha   
 
Tsadilas et al. (2005) 
Tall fescue Sewage sludge (5.6 dry t/ha) 
given three times over a 2-yr 
30 % higher yield increased 
 
 
Boswell (1975) 
Barley  Sewage sludge (15 dry t/ha) Grain yield of barley increased 
significantly under repeated 
sewage sludge application 
 
Antolin et al. (2005) 
 
Apple tree 
 
 Sewage sludge (0, 12.5, 25, 
50 and 75 dry t/ha) and 
barnyard manure (47 dry t/ha) 
 
 
Sewage sludge amendment 
increased the fruit yield 
Bozkurt and Yarilgac 
(2003) 
Flax (Linum 
usitatissimum). 
Sewage sludge amendment 
(2:1 and 10:1 v/v soil and 
sewage sludge ratio) 
Greater biomass in the 2:1 soil: 
sludge ratio, and a significantly 
greater number of stems/plants 
with increased seed 
production/plant and seeds of 
higher average seed weight. 
 
Tsakou et al. (2002) 
Maize Sewage sludge (0, 10, 20, 30, 
40, and 50 dry t/ha), NPK 
(120:90:30 kg/ha) and farm 
yard manure (3.5 dry t/ha) 
applications 
Maximum shoot and root dry 
weights were reported at 20 t/ha 
sludge application 
Qasim et al. (2001) 
 
 
 
Carrots and 
chard 
Municipal biosolids Significant increase in yield more 
than those grown on recommended 
NPK. 
Nielson et al. (1998) 
 
Barley and 
wheat 
Municipal solid waste 
compost was applied at rates 
of 50, 100 and 200 t/ ha (fresh 
matter) 
Barley yields were 270 % of the 
untreated control in the 50 t/ha 
treatment, wheat yields 170 % and 
canola yields 148 % 
 
Zhang et al. (2000) 
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2.8.1.  The use of canola in crop rotation 
 
Canola not only provides good returns but also it improves the yield of other crops. The 
benefits of canola as a break crop particularly in arid regions of New South Wales was 
reported by Angus et al. (1989), where the efficiency of applied N was consistent and 
usually greater for wheat following canola than wheat following other oilseeds. 
The rotational advantage of using canola with cereals was the main factor that 
contributed for the rapid adoption of canola by famers (Norton et al., 1999). Because of 
the rotational advantage of canola, growers rapidly adopted and incorporated the crop 
into their production system. Several farmers also realized the need for additional N for 
canola as management practice (Hocking et al., 1999) and extended the management 
practice to wheat crops. 
The magnitude of the break crop effect due to canola is significant to the grains industry. 
Experimental data derived from a Victorian survey of 226 wheat crops shows that Wheat 
grain yields of 3.9 t/ha were recorded where canola was the previous crop, compared with 
wheat on fallow which was 3.2 t/ha wheat grain yield (Norton et al., 1999). Angus et al. 
(2001) summarized the results of several crop sequence experiments across the grain 
producing areas and reported an increase of about 20 % in wheat grown after canola 
compared to wheat after wheat.  Similar results were observed in 14 on-farm experiments 
in Southern New South Wales, where wheat after canola produced a 21 % higher yield 
than wheat after wheat (Angus et al., 1999).  
The nature of the break crop benefit due to wheat after canola was the subject of research 
in Australia during the 1990s (Kirkegaard et al., 1994; Angus et al., 1998; Kirkegaard et 
al., 1998; Kirkegaard et al., 2000).  Although several other factors could be aiding 
subsequent wheat growth, such as differences in organic matter cycling (Angus et al., 
2001), it is clear that canola does provide a significant benefit to subsequent wheat crops. 
Angus et al. (1999) estimated a benefit of $147 per hectare for a two year canola/wheat 
rotation over a wheat/wheat rotation.  Based on the yield, costs and prices presented, 27 
% came from the canola, while the balance came from the subsequent wheat crop.  Angus 
et al. (1999) noted that wheat could substitute into rotations when its price was about 
60% of the price of canola.  Current on-farm prices (with various discounts) for canola 
($420/t) and wheat ($250/t) (ABARE, 2003), place the difference between the two 
rotations at about $30/ha over 2 years, mainly due to the relatively high wheat price 
compared to the canola price.  A similar price ratio (60 %) was estimated by Scott et al 
(1999), using a whole farm linear programming framework, who concluded that when 
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wheat was $150/t, canola could constitute 25 % of the cropped area on a southern New 
South Wales farm when canola prices rose above $340/t with a yield of around 1.8 t/ha. 
Guo et al. (2006) conducted a field experiment to investigate the effect of crop rotation 
and tillage on blackleg disease in canola rotated with wheat and flax crops. Rotation and 
tillage significantly reduced blackleg disease in terms of the number of infected plants, 
infected leaves and lesions per plant, and percentage of leaf coverage with lesions. The 
number of infected plants, infected leaves and lesions per plant, and percentage of leaf 
coverage with lesions were lower in canola when rotated with wheat. 
Crop rotation takes advantage of the fact that plant pathogens crucial on one crop may 
not cause problems on another crop (Kharbanda 1999). Suitable crop rotation lengthens 
the time between similar host plants; as a result of this, populations of pathogens will 
decline in crop rotation to no host crops with tillage, and hence this situation could 
significantly reduce the incidence of blackleg disease of canola.  
 
2.8.2.  The response of oat to fertilizer 
 
Weightman et al. (2004) examined the effects of N and water availability on grain quality 
of two UK winter oat varieties over two seasons at two sites. Nitrogen fertilizer 
treatments comprised three rates and two forms of fertilizer (ammonium nitrate and foliar 
urea). Ammonium nitrate was applied as a split application with 40 kg N/ha and foliar 
Urea was applied as an aqueous spray. The findings indicate that ammonium N fertilizer 
had significant effects on grain yield and quality. Yields increased at the first applied 
ammonium nitrogen level (40 kg N/ha) representing standard (optimal) agricultural 
practice at those sites, then decreased at the highest (100 kg N/ha) ammonium nitrogen 
fertilizer level. In five out of the six data sets, the maximum yield was recorded with the 
combination of the optimal ammonium nitrogen fertilizer rate, plus application of 60 kg 
N/ha as foliar urea. 
Entz et al. (2004) examined the cultivar responses of a short stature oat and a tall oat 
under different crop rotation (grain legume or oilseed as a previous crop) and various N 
fertilizer rates (0, 40, and 80 kg N/ha) in 1999 and four rates (0, 40, 80, and 120 kg N/ha) 
in 2000. It was observed an increase in grain yield as nitrogen application rates increased. 
Plant heights and lodging scores were higher in the pea rotation and increased with 
increasing nitrogen rates. Increased N fertilizer rates increased N accumulation at all their 
sampling sites. Previous crops only affected N uptake in 2000, where oats following pea 
had greater N accumulation at all sampling times than oat following flax. 
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Hamill (2002) concluded that a total N supply of 115 kg N/ha was optimum for 
maximum yield of oats in Manitoba (Canada) and optimum N supply may differ between 
oat cultivars. While oats yield response to nitrogen fertilizer is well documented, there is 
limited information on the influence of organic N sources such as rotational legume 
crops. The inclusion of a green manure legume in crop rotations can increase residual soil 
N levels and increase seasonal nitrogen availability to following crops (Badaruddin and 
Meyer 1990; Stevenson and van Kessel, 1996). 
Hence, N management is important in the production of oats for yield optimization and 
lodging control (Brinkman and Rho, 1984; Marshall et al., 1987).  
The application of N to oats directly affects the various yield components, such as panicle 
density and kernel number, as well as dry matter production and harvest index. The 
relative contribution of each yield component in response to increased nitrogen level will 
vary depending on the levels of N used and environmental conditions (Brinkman and 
Rho, 1984; Marshall et al., 1987; Anderson and McLean, 1989; Hamill, 2002).  
In general, yield responses of various crops were affected by the type of biosolids and 
sludge treatment processes with the exception of the oats, the increases in the 
productivity of the various crops following biosolids amendments were due to increases 
in the availability of nutrient to the plants. However, it would be reasonable to further 
examine the influence of biosolids, not only on the seed and biomass yields, but also on 
the various yield components of different crops under field conditions. 
In Australia, compared to other grain crops canola needs about 25 % more N, P and K, 
than standard wheat to balance fertilizer inputs with nutrient removal in grain. In addition 
to this, the inclusion of canola under crop rotation provides additional benefits such as the 
control of cereal root diseases to a subsequent crop. Nevertheless, the responses and 
efficiency of canola in extracting nutrients (N, P, Cu and Zn) from land applied biosolids 
requires investigation, since gaining an understanding and knowledge in this area would 
probably enhance particularly for the wider use of canola on biosolids amended land. 
 
 
2.9. Environmental risk assessment of biosolids 
 
Among, all chemical contaminants, heavy metals are believed to be of a specific 
ecological, biological and/or health significance. Knox et al., (1999) refers to soil 
contamination as soil whose chemical state deviates from the normal composition but 
does not have a detrimental effect on organisms, whereas pollution occurs when an 
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element or a substance is present in greater than natural (background) concentrations as a 
result of human activity and has a net detrimental effect on the environment and its 
components. 
For comparison purposes the maximum permissible concentration limits of heavy metals 
for various countries including Australia is shown in Table 2.10, whereas Table 2.11 
shows the ceiling limits for heavy metals for soils receiving biosolids under Victorian 
conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To determine the hazard posed by those heavy metals that do not increase in 
concentration as food chains rise, Heemsbergen et al. (2009) calculated a hazard quotient 
by dividing the maximum or the mean concentration of the heavy metals in a range of 
biosolids from each State participating in the NBRP by their corresponding soil limits 
(Ecological Investigation Levels- EILs) from the National Environment Protection 
(Assessment of Site Contamination) Measure (NEPC, 1999). Hence, based on their 
findings, Cd, Cu and Zn were selected as the three metals to be the focus of the NBRP. 
Table 2.12 shows the maximum and mean concentrations of metals in biosolids that do 
Table 2.10 Maximum permissible concentration limits (µg/g) of the heavy metals 
Cd,  Cu, Zn, Pb in agricultural soils in various countries and in the European Union  
                           Heavy metals  
Country Cd Cu Zn Pb 
 
References 
USa 20 750 150 140 McGrath et al. (1994) 
Canada 0.5 30 25 50 IAEA (2004) 
Australia 1 100 150 200 McLaughlin et al. (2000) 
UKb 3 135 300 300 Johansson et al. (1997) 
Germanyc 0.4-1.5 20-60 40-100 60-200 IAEA (2004) 
Franceb 2 100 40 300 Johansson et al. (1997) 
Netherlandsd 0.8 36 85 140 McLaughlin et al. (2000) 
Norway 1 50 50 150 Haiyan & Stuanes (2003) 
Swedenb 0.4 40 40 100(150)e SNFS (2005) 
Finland 0.3 32 38 90 IAEA (2004) 
Denmark 0.3 30 40 100 IAEA (2004) 
EUf 1-3 50-140 50-300 150-300 EC (1986) 
China 0.3 50 250 200 SEPAC (1995) 
 
a- Computed from maximum cumulative pollutant loading limits without taking into account 
background concentration of the elements in soils. 
b- For soils intended to receive biosolids for crop production 
c- the first and second values refer to sandy and clay soils respectively 
d- Standard soil with 25 % clay and 10 % organic matter. Concentrations of elements are 
normalized based on clay (CL) and organic matter (M) content of soil.  
(Cd=0.4 + 0.007X [CL+3M]; Cu=15 + 0.6X [CL+M]; Pb=50 + [CL+M] ; 
 Zn = 50 + 1.5X [2CL+M]). 
f- For biosolids receiving soils with a pH of 6-7; e- figure in parenthesis refers to only some parts 
of Sweden 
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not bioaccumulate, their soil limits (EILs) and the ranking of the hazard they cause 
(Heemsbergen et al., 2009).  
 
Table 2.11 The maximum and mean concentrations of metals in biosolids that do not 
bioaccumulate, their soil limit (EILs) and the ranking of the hazard in Australia.  
Heavy 
metals 
Maximum 
concentration 
in biosolids 
Mean 
concentration 
in biosolids 
Ecological 
investigation 
limits ( EILs) 
Ranking 
hazard based 
on maximum 
concentration 
Ranking 
hazard based 
on mean 
concentration 
Cu 1500 645 100 1 1 
Pb 190 60 600 7 7 
Mn 370 180 500 5 4 
Ni 80 32 60 3 3 
Zn 2000 740 200 2 2 
The heavy metal with a ranking of 1 poses the greatest hazard and the heavy metal with a ranking of 
7 poses the lowest hazard. Adapted from the NBRP,  2007 
 
The NBRP carried out a preliminary hazard assessment for identified heavy metals in 
biosolids that caused the greatest hazard Cd, Cu and Zn and compared to those caused by 
the same metals in soluble salt form. This was conducted in order to establish the relative 
biological availability of the heavy metals from biosolids and from metal salts which 
would be utilized to derive the guidelines for metals in biosolids amended soils. 
Grain Cd concentrations, toxicity of Cu and Zn to agricultural crop species and soil 
microbial processes (microbial respiration and nitrification) were used as end points. 
Critical soil concentrations of Cu and Zn that adversely affected plant productivity and 
microbial processes across all NBRP sites were determined. From their findings it was 
concluded that the recommended heavy metals limits largely depended on soil properties 
particularly pH, organic matter, clay content and cation exchange capacity. Soils with 
high soil pH, high organic carbon content, high clay content and high cation exchange 
capacity can receive considerable additions of biosolids and are considered to be at low 
risk from biosolids application and hence the recommended limits would noticeably be 
smaller to markedly larger than the current total limits of 100-200 µg/g for Cu and 200-
250 µg/g total zinc. Conversely, soils with a combination of low pH, low organic carbon 
content, low clay content and low cation exchange capacities are considered to be at high 
risk from the application of biosolids.   
Table 2.12, 2.13 and 2.14 show the maximum permitted total Cd and added Cu and Zn 
concentrations in soils receiving biosolids to prevent toxic effects to plants and soil 
microbial population (Heemsbergen et al., 2009). 
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Table 2.12 Recommended maximum permitted total cadmium (Cd) levels in soils receiving 
biosolids to ensure wheat grain does not exceed the Australian cadmium food standards 
(FSANZ, 2005). 
Recommended maximum permitted total cadmium in soils receiving biosolids (µg Cd/g soil) 
                              Clay content (%) pH 
  5  25  50 
4.5 0.50 1.1 1.9 
5.5 0.6 1.3 2.0 
6.5 0.80 1.4 2.2 
7.5 0.9 1.5 2.3 
8.5 1.1 1.7 2.5 
EPA Victorian maximum cadmium  upper limits for classifying biosolids as grade C1  
( contaminant grade 1) is 1 mg/kg on dry weight basis 
 
Table 2.13 Recommended maximum permitted added copper (Cu) concentrations in soils 
receiving biosolids to prevent toxic effects to plants and micro-organisms 
Recommended maximum permitted added Cu concentration in soils receiving biosolids (µg added Cu 
/g soil) 
                                     Organic carbon content (%) pH 
 1  2  5 
5.0 25 50 135 
5.5 40 75 175 
6.5 90 185 200 
7.5 205 230 230 
8.0 245 245 245 
EPA Victorian maximum cadmium  upper limits for classifying biosolids as grade C1 ( contaminant grade 1) is 
100 mg/kg on dry weight basis 
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Table 2.14 Recommended maximum permitted added zinc (Zn) concentrations in soils 
receiving biosolids to prevent toxic effects to plants and micro-organisms.  
Recommended maximum permitted added Zn concentration in soils receiving biosolids (µg added Zn 
/g soil) 
                                Cation exchange capacity (cmolc/kg)  
pH 3 10 20 60 
4.5 20 45 75 165 
5.5 38 90 145 300 
6.5 70 165 265 300 
7.5 130 300 300 300 
8.0 180 300 300 300 
The suggested total permitted zinc concentration is obtained by adding the ambient background concentration to 
the values presented. 
EPA Victorian maximum cadmium  upper limits for classifying biosolids as grade C1 
 ( contaminant grade 1) is 200 mg/kg on dry weight basis 
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2.10.  Economic valuation of biosolids 
 
Roka et al. (2004) used the unit prices of commercially available products and multiplied 
them by the quantities of plant available nutrients and lime equivalents in the biosolids to 
compute the per-tonne value of biosolids. The economic value of biosolids nutrients N, P, 
K and dolomite lime in one tonne of the particular biosolids was estimated to be 
US$12.36, which not only depends on the nutrient composition of the material, but also 
on the application rate. The economic valuation of biosolids can be extended to include 
micronutrients since most biosolids contain micronutrients in a natural "chelated" form 
whereas commercially available chelated products can be expensive and hence the value 
of biosolids applications to agricultural cropland will be enhanced (Roka et al., 2004). 
Several researchers have dealt with valuing the environment as an input in the production 
process. The theoretical aspects of these valuation techniques are described in (Freeman 
and Harrington 1990; Maler 1992 Freeman 1993 and Point 1994). 
Maler (1991) distinguishes between applications of the production function approach. 
When production is measurable and either there is a market price for this output or one 
can be imputed, then the marginal value of the environmental good can be determined. 
Case studies show the first year economic value of nutrients derived from biosolids in the 
Coastal Plains and Piedmont regions of Virginia range from US $25 to $50 per acre on 
pasture land and US $50 to $70 per acre on corn, small grains, and soybean land. The 
estimates were reported based on US $0.23 per pound for N, $0.30 per pound for P, and 
US $0.14 per pound for K (Faulkner, 2001). 
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2.11. Conclusions 
 
The literature indicates that the effect of biosolids incorporation on the yields of various 
crops other than canola and oats has been extensively studied outside Australia. However, 
nutrient responses of crops and soil in biosolids amended soil under rotational cropping 
system have not been well documented.  
The impact of crop rotation on N, P and heavy metals residues accumulated in plants and 
in biosolids amended soil and the leaching of nitrate-N needs to be further investigated. 
Also the effect of crop type on nutrient accumulation in biosolids amended soil has not 
been well documented. 
Similarly, the relationship between crop yield and yield components due to biosolids 
nutrients needs further study.  
 A considerable level of investigation in US and UK has been conducted on the impacts 
of biosolids application on soil physical and chemical properties; however, the effect of 
biosolids application on pH and hence on heavy metals and phosphorus release and their 
relationship under field conditions deserve further attention. 
Particularly under Australian conditions, the impact of biosolids loading rates on sulphur 
status of amended soil has not been studied; further research on sulphur may complement 
the previous biosolids land application work. 
Sustainable utilization of nutrients from biosolids entails using nutrients efficiently and 
preventing off farm movement, and thus, there are significant information gaps 
surrounding ways to enhance the efficiency of utilizing nutrients from biosolids 
specifically under Australian soil type and environmental conditions ( NBRP, 2007). 
 
The effect of crop rotation on the quantity of nutrients and metals residue in biosolids 
amended soil has not been examined by the Victorian components of the NBRP works, 
certainly the benefits of land applications of various biosolids to farmers need to be 
evaluated on a crop rotation basis (Karen et al., 1995) with due consideration given to the 
residual effects of plant nutrients and heavy metals on the succeeding crops (Binder et al., 
2002). 
Continuing research on the beneficial use of biosolids on agricultural lands needs to be 
conducted, because the build up of organic mater and accumulation of toxic heavy metals 
in amended soil are challenging to predict (Gaskin et al., 2003). 
The levels of pathogens in biosolids amended soil after crop harvest could also be another 
area that needs to be evaluated under field condition. 
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 Despite some studies conducted abroad on the economic value of biosolids from their 
nutrient perspectives, the economic value of biosolids as factor of input in the production 
process particularly using data generated from field and laboratory experiments has not 
been well documented for Australian soil type and environmental conditions. 
The various experimental results conducted outside Australia can not be directly 
transferred to crops grown under Australian conditions, given the existing differences in 
soil and biosolids types, temperature, vegetation and crop management practices in 
Australia. Rather, site specific experiments with biosolids under Australian conditions 
using varieties of plant species need to be conducted so as to generate high quality data 
useful for sustainable utilization of biosolids by the end users. 
A key emphasis will be given on quantifying the behaviour of anaerobically digested 
dewatered biosolids and composted biosolids applied on a clay loam soil at WWSP, 
Melton Victoria. 
The next chapter describes in detail, the experimental design of a two year field trial 
conducted on a clay loam soil in Victoria Australia, using crop rotation involving canola 
and oats.  
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3 
CHAPTER 3. MATERIALS AND METHODS  
 
This chapter presents the laboratory and field experimental procedures employed during the 
period of the study; in particular it describes the soil and plant sampling and harvesting 
procedures and the details of the analytical techniques utilized to determine the various 
nutrients and heavy metals in biosolids amended soil and in plants. 
The study was conducted on a clay loam soil on a 40 × 37 m2 plot of land for a period of 
two years (2006-2007) at (WWSP) in Victoria. Canola and oats were grown under rotational 
cropping system. Dewatered biosolids and composted biosolids at various rates based on 
nitrogen limited biosolids application rates (NLBAR) were incorporated into the top 10 cm 
soil. The field experiment was arranged in a randomized blocked experimental design with 
six treatments each in triplicate including unamended and fertilized control plots. Crops 
were watered twice a week using a sprinkler watering system and were harvested after a 
period of six months. 
Biosolids amended soil samples were taken after end of each year’s experiment, whereas 
plant samples were taken at specific growth stages of the two crops for nutrients and heavy 
metals analysis. 
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3.1. Description of the experimental area  
  
Melton shire is located in the western volcanic basalt plains of Victoria with a dry temperate 
climate zone that experiences significant winds and variation in temperatures; it is situated 
within the rain shadow of the Otway Ranges. Consequently annual rain fall is low and 
erratic averaging between 465-600 mm, with higher rainfall in the hilly northern part of the 
shire. The combination of spring rainfall, low spring frosts, winter chilling and low summer 
makes Melton a favourable environment for growing crops such as canola and oats. Higher 
rainfall in the north is suitable for forestry plantations, which currently exist in the 
northwest of the Shire. The average minimum temperatures are lower in the northern hills 
by about 7 0C, and higher to the southeast of the Shire by nearly 10 0C. The average annual 
maximum temperatures around Melton and the southeast of the Shire range from 18-20 0C. 
The original vegetation that dominated Melton’s grassy plain and grassy woodlands were 
kangaroo and wallaby grasses.  
The major farming practice in the area includes oats, barley, wheat and canola as winter 
crops, in some cases integrated with sheep farming using alfalfa. The soils in the Melton 
South district are typically red sodosol..  
Microclimates exist locally which vary the temperature with terrain changes, such as in 
valleys or hillsides. The warm climate in central and southern area makes it suitable for 
hazelnuts, olives, pom fruit and lavender growth (Melton Environmental Atlas Draft, 2007). 
The anaerobically digested dewatered biosolids used for these field experiments were 
sourced from WWSP. These biosolids were produced through anaerobic mesophilic 
digestion at 35 ºC for approximately 15-30 days prior to dewatering. The dewatered  
biosolids were subsequently dried on a site within the treatment plant  for two years prior to 
use in these experiments. The composted biosolids were obtained from Pinegro (major 
supplier of agricultural and horticultural soil improvement products at Deer Park Victoria). 
The composted biosolids were produced from biosolids at the Sunbury Waste Water 
treatment centre which were blended with screened green waste from local council 
collections. Composting was conducted over a twelve week period according to (Australian 
Standards 4454, 2003) guidelenes in order to ensure elimination of pathogens from the 
composted product.  
Table 3.1 summarizes the various waste water treatment stages and the outputs produced at 
WWSP. 
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Table 3.1 A summary of the main waste water treatment processes employed in the 
waste water treatment purification centre (WWSP). 
Waste water treatment stages Out puts  produced from waste 
water treatment 
Preliminary stage 
breaks up and screens any solids reducing them 
to a desirable maximum size, wastewater then 
passes through a chamber where grit is deposited 
The grit is not considered a sewage 
sludge or biosolids and is taken 
away and used for landfill 
Primary stage 
Wastewater enters two settling tanks where solids 
settle to the bottom or float to the top. Solid 
particles that settle to the bottom of the tank are 
raw sludge. Particles floating on the top of the 
tank will be collected and buried 
Sewage sludge produced by 
primary waste water treatment, the 
water content can be reduced by 
dewatering or thickening 
Secondary stage 
Wastewater moves into large aeration tanks and 
the settled waste water is mixed with 
bacteriologically active sludge. The thickened 
sludge mixture is then continually aerated to 
encourage the growth of microorganisms 
(bacteria) which breakdown the organic matter 
into simple materials such as water and carbon 
dioxide. Separation of sludge from waste water 
and sent to a digester where the bacteria are 
eventually broken down over a period of about 
15 days 
Sewage sludge produced by 
secondary wastewater treatment 
with low solids is usually harder to 
thicken and dewater than primary 
sludge. Biosolids can be produced 
through stabilization processes 
Tertiary stage 
From the secondary tanks the wastewater is 
returned to the inlet works and then to the 
primary sedimentation tank and mixed with the 
primary sludge. The mixed sludge is then 
concentrated in a consolidation tank and sent to 
the digester where it is heated to encourage 
anaerobic biological activity. The remaining 
wastewater then makes its way to the irrigation 
area where it then makes it way through a series 
of lagoons. This process takes approximately 170 
days. 
 
From the storage lagoons the 
treated wastewater is used to 
irrigate nearby farmland. Any 
surplus water is filtered and 
returned through the drainage 
system to the storages.    
Digested sludge is withdrawn from 
the bottom of the digester in to the 
sludge holding tank to store it until 
it can be pumped into a tanker. 
Then it is disposed to a confined 
site.  Since 2008 biosolids are put 
through a belt press and air dried 
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3.2. Experimental setup and biosolids treatments 
 
An experimental site with a size of 40 m × 37 m2 was set aside for conducting the biosolids 
field trial at WWSP .The site had no cropping or any fertilizer application history  
(including biosolids application) and it is situated within Western Water at Surbiton Park 
(Figure 3.1). A 3 m buffer zone was established along the northern and western edges of the 
site to avoid the shading effect from the trees. 
Soil and biosolids samples were taken before sowing the crops and physicochemical 
properties of the soil and biosolids were determined. 
Anaeobically digested dewatered biosolids from WWSP and composted biosolids obtained 
from Pinegro (a compost supplier company based at Deer Park). Pinegro obtains its 
biosolids from Western Water (Waste Water treatment centre, at Sunbury) for composting 
purposes. 
 
 
             
 
Figure 3.1 Arial map of the field experimental site at Western water, Surbiton Park, Melton 
South (Yellow shaded area indicated by the arrow). 
 
The dewatered biosolids were crushed using a front end loader. The experimental site was 
ploughed using first a tractor and then a rotary hoe. Gypsum ( CaSO4. 2H2O) was applied at 
3 t/ha to inhibit dispersion of the soil aggregates and improve the soil structure and 
drainage. The land was partitioned into 72 experimental plots each 3 m wide and 4 m long 
(Figure 3.2 and 3.3).  
40 × 37 m2 field 
experimental site 
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Figure 3.2 The randomized complete block design of the field experiments at Western water, Surbiton 
Park. The numbers 5, 25, 45, 65 t ds/ha refer to dewatered biosolids treatments, whereas 10, 30, 50 
and 70 t ds/ha refer to composted biosolids treatments (application rates) respectively, while, C and F 
stands for unamended and conventionally fertilized control plots, respectively 
 
65 
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Figure 3.3  shows land preparation and partitioning of the land into randomized block 
experimental design, and spreading  and incorporation of biosolids into 10 cm soil depth 
 
The land was partitioned into 72 replicated plots each with a 12 m2 area arranged in a 
randomized complete block design. All biosolids applications were calculated on a dry 
weight basis. The site consisted of four dewatered biosolids applications (5, 25, 45 and 65 t 
ds/ha) and four composted biosolids applications (10, 30, 50 and 70 t ds/ha) including 
unamended and conventionally fertilized control plots. The nitrogen limited biosolids 
application rates (NLBAR) refers to the maximum rate at which biosolids can be applied 
with out exceeding the agronomic nutrient requirements for the two crops, and were also 
calculated for each of the biosolids and crop type using the method recommended by NSW 
EPA, (1997) (Appendix A). 
)/(
)/()/(
tkgABN
hakgCNRhatNLBAR =  
ABN (kg/t) = (NH4-N) + (Oxidisable-N) + (Organic-N ×MR) 
where CNR, ABN and MR refer to crop nitrogen requirement and available biosolids 
nitrogen and mineralization rate, respectively. 
 
3 x 4 m2 area plot 
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As the major objective of this study was not determining the mineralization rates of 
biosolids, in calculating the NLBAR, 15% and 10% organic nitrogen mineralization rates 
were assumed for the anaerobically digested dewatered biosolids and composted biosolids 
respectively,  based on values cited in ‘Guidelines for Environmental Management, 
Biosolids land application’ (EPA, Vic. 2004). Such assumptions might under or over 
estimate the nitrogen mineralization rates of each of the biosolids and it did not take into 
account the site specific characteristics ( soil type,  compositional behaviour of the biosolids 
matrix, moisture and other relevant environmental parameters). It is also assumed that 6 and 
5% of the organic-N mineralization rates from first year application may continue in the 
second year for anaerobically digested dewatered biosolids and composted biosolids 
respectively. 
 One NLBAR was equivalent to 10 and 20 t ds/ha dewatered biosolids and composted 
biosolids, respectively for the canola crop. Similarly one NLBAR was the same as 11 and 
22 t ds/ha dewatered and composted biosolids for the oat crop. The biosolids were 
incorporated in the top 10 cm soil depth using a rotary hoe. 
The application rates and their NLBAR equivalents are shown in Tables 3.2 and 3.3. 
Conventional fertilizers, urea (46% nitrogen) applied at a rate of 100 and 110 kg/ha for 
canola and oats, respectively in 2006, whereas in 2007, urea (46% nitrogen), super 
phosphate (41 % P2O5 ) and sulphate of potash (41% potassium) at rate of 100:20:50 and 
110:20:50 kg/ha were applied to canola and oat as control plots, respectively.  
Four experiments:- canola with dewatered biosolids, canola with composted biosolids, oats 
with dewatered biosolids and oats with composted biosolids- were performed in triplicate in 
a randomized complete block design (Fig 3.2). The field trial was conducted on two crops: 
canola (Brassica napus, cultivar Beacon) and oat (Avena sativa, cultivar Echidna). Canola 
and oats seeds were sown at a seeding rate of 5 and 100 kg/ha, respectively. 
The sprinkler watering system was installed to be used in case the crop experience water 
scarcity in time of drought. The influence of irrigation on crop performance and nutrient 
interactions was not systematically included in the experiment and not investigated. 
After the completion of the first field experiment in 2006, the second experiment was 
conducted in 2007 by rotating the canola and oat crops and reapplying the same rate of 
dewatered biosolids and composted biosolids as in 2006 using the same experimental 
design. 
 
 
 
  
90 
 
 
 
 
 
 
Table 3.2 Application rates and NLBAR equivalents for dewatered biosolids applied 
for canola and oats in the 2006 and 2007 field trials 
Canola plots 
Dewatered 
biosolids 
rates 
 (t ds/ha),  
NLBAR, 
2006 
kg N/ha, 
2006 
Org.-N expected to 
mineralize in 2007 
from 2006 
application (6%) 
kgN/ha 
Dewatered 
biosolids 
rates 
(t/ha), 
2007 
Total amount 
applied in 
2007 plus 
residue from 
2006 Kg N/ha 
5 0.5 211 11 5 222 
25 2.5 1055 56 25 1111 
45 4.5 1899 102 45 2001 
65 6.5 2743 147 65 2890 
Oat plots 
5 0.45 211 11 5 222 
25 2.3 1055 56 25 1111 
45 4.0 1899 102 45 2001 
65 6.0 2743 147 65 2890 
 The biosolids had 42.2 kg total  N/tonne of dry  dewatered biosolids and one NLBAR was equivalent 
to 10 t/ha and 11t/ha for canola and oats respectively; mineralization rates of 15 % and 6 % in the first 
and second year of the experiment were taken into account during calculations of NLBAR for 2006 and 
2007 respectively. 
Table 3.3  Application rates and NLBAR   equivalents for composted biosolids applied 
for canola and oats in the 2006 and 2007 field trials 
Canola plots 
Composted 
biosolids  
rates  
(t ds/ha) 
NLBAR, 
2006 
Kg 
N/ha, 
2006 
 Org.-N expected 
to mineralize in 
2007 from 2006 
application (5%) 
kgN/ha 
Composted 
biosolids 
rates (t/ha), 
2007 
Total amount 
applied in 
2007 plus 
residue from 
2006 Kg N/ha 
10 0.5 144 5 10 149 
30 1.5 432 16 30 448 
50 2.5 720 26 50 746 
70 3.5 1008 36 70 1044 
Oat plots 
10 0.45 144 5 10 149 
30 1.4 432 16 30 448 
50 2.3 720 26 50 746 
70 3.2 1008 36 70 1044 
Note: The biosolids had 14.4 kg total  N/tonne of composted biosolids and one NLBAR was equivalent 
to 20 t ds/ha and 22 t ds/ha for canola and oats respectively; mineralization rates of 10 and 5 % in the 
first and second year of the experiment were taken into account during calculation of NLBAR in 2006 
and 2007 respectively. 
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3.3. Sampling Procedures 
 
3.3.1. Soil and biosolids sampling 
 
Before establishing the field experiment at WWSP, nine composite soil samples at 10 cm 
soil depth from the site, dewatered biosolids from WWSP and composted biosolids samples 
from Pinegro were sampled, crushed, air dried for two weeks, sieved to 2 mm and stored for 
further analysis according to sampling and sample preparation procedures described under 
method 1A1 and 1B1 of Rayment and Higginson (1992). Analytical results for the soils and 
biosolids used throughout this study are provided in Table 4.1. Both biosolids were analysed 
only at the beginning of year one as they are known to be consistent in chemical properties 
on the basis of regular analysis (Personal communication). 
After the end of the first and second year trials, 30 soil core samples per plot were taken to a 
soil depth of 10 cm using an auger (9 cm diameter). The 30 cores from each plot were 
combined into a single composite sample, providing a total of 72 samples. Samples were 
also crushed, air dried for two weeks and sieved to 2 mm and stored for further analysis. 
Sub samples were taken and ground to pass < 64 µm for analysis of total nitrogen and total 
carbon. 
 
3.3.2. Plant sampling 
 
Young matured canola seedlings were sampled at 4 - 5 leaf stage (days after sowing). The 
oat crops were sampled at 5-6 tillering (days after sowing) stage. Sampling was conducted 
randomly to provide sixty canola plants per plot bulked together one composite sample; this 
provided 2160 individual plants for analysis of total nitrogen (TN), NO3-N, extractable-P 
and heavy metals. A total of 720 oats individual plants were sampled from dewatered 
biosolids and composted biosolids treated oats plots. Twenty oat plants per plot were 
sampled at random and bulked together as one sample which provided a total of 720 oats 
individual plants.  
Samples were washed with deionised water and dried in an oven at 60 0C for three days. 
Dried samples were crushed and ground into particles using a ring mill and sub samples 
were taken and refrigerated at 4 0C prior to analysis.       
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3.4.  Measurement of soil moisture, pH and electrical conductivity 
 
The moisture content of soil and biosolids samples was determined according to Method 
2A1 of Rayment and Higginson (1992) by drying 10 g of soil and biosolids samples (< 2 
mm) at 105 0C to constant weight. 
The pHw  and pHca   of soil and biosolids samples were measured as per Method 4A1 and 
4B2 (Rayment and Higginson, 1992)  respectively using a 1:5 soil/water suspension. A 20 g 
air-dried soil sample (< 2 mm) was weighed in a plastic bottle to which 100 mL of ultra-
pure water was added and mechanically shaken at 130 rpm using a Platform Mixer in a 
closed system for 1 hr and allowed to settle for 30 minutes. The pH meter (pH 211 
Microprocessor pH meter) was calibrated and standardized using pH4 and pH7 buffer 
solutions. After measuring pHw, 1 mL of 1 M CaCl2 was added to each plastic bottle, 
shaken for a further 30 minutes and allowed to settle for half an hour. Then pH (CaCl2) was 
determined. 
Electrical conductivity of soil and biosolids were measured as per method 3A1 (Rayment 
and Higginson, 1992) using a 1:5 soil /water extract. A 20 g air-dried soil sample (< 2 mm) 
was weighed in a plastic bottle to which 100 mL of ultra-pure water was added and 
mechanically shaken in a closed system for 1 hr to dissolve soluble salts and allowed to 
settle for 30 minutes. The ECONSCAN conductivity meter was calibrated using 0.01 M 
KCl at 20 0C as a reference solution and results were reported as EC (µS/cm) at 20 0C on an 
air-dry basis.  
 
3.5.  Determination of exchangeable bases and cation exchange 
capacity 
 
The major cations in soil and biosolids samples were determined using 1 M NH4Cl as an 
extracting solution according to Method 15A1 of Rayment and Higginson (1992). An 
aliquot of 53.5 g analytical grade NH4Cl was dissolved in 900 mL Milli Q water and the pH 
was adjusted to 7.0 by adding 5 - 6 mL of  NH4OH and diluted to one litre with ultra pure 
water (Milli-Q water) and stored in borosilicate glass. 
A 5 g sample of air dried and sieved (< 2 mm) soil and biosolids, each in triplicate, were 
weighed in 250 mL plastic bottles and then 100 mL NH4Cl extracting solution was added 
and shaken for 1 hr and centrifuged at 3000 rpm for 10 minutes and filtered using a 
Whatman number 40 filter paper and 75 mm plastic funnels. 
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A 5 mL aliquot of the filtered extract was taken and placed in a 50 mL volumetric flask to 
which 1 mL of 70 % HNO3 (Analytical Grade) and 0.5 mL of praseodymium internal 
standard were added and diluted to the mark with 2 % HNO3. The same treatment was 
applied to standards and blanks. Analytical grade ICP-MS multi element stock solution was 
used to prepare working standards. Standards, samples and blanks were analysed using an 
Agilent Technologies Model 4500 series 300 ICP-MS with HP ChemStation software with 
a detection limits for the quadrupole of 1–10 ngL-1 and for magnetic sector 0.01–0.1 ngL-1. 
The cation exchange capacity (CEC) was calculated as the ratio of milli-equivalent of total 
exchangeable bases  (Na, Mg, Ca, K) to percent base saturation as per method 15B1 
(Rayment and Higginson, 1992). 
 
3.6.  Determination of the extractable forms of heavy metals in soil and 
biosolids  
 
The measurement involves equilibration of air-dried soil for two hours with an extraction 
solution at a ratio of 1:2. The extraction solution was 0.005 M with respect to DTPA, 0.01 
M with respect to CaCl2    and 0.1 M with respect to triethanolamine (TEA). The TEA helps 
buffer the extraction solution close to pH 7.3 and thus restricts dissolution of metals from 
soil at high pH. A pH 7.3 also favours formation of the Zn-DTPA complex (Lindsay and 
Norvell, 1969b) whereas CaCl2 acts to suppress carbonate (CO32-) solubility in calcareous 
soils. For one litre of extraction solution 1.97 g diethylene triamine penta acetic acid 
(DTPA, mol. Wt. 393.4), 1.47 g CaCl2 dihydrate (CaCl2.2H2O) and 14.92 g triethanolamine 
(CH2CH2OH)3 were separately dissolved in ultra-pure water and combined, 6.8 g of 35 % 
w/w HCl was added and diluted to about 990 mL with ultra-pure water and the pH was 
adjusted to 7.3 by adding 3 M HCl drop by drop. At the desired pH the solution was diluted 
to 1 litre with ultra-pure water following Rayment and Higginson (1992) Method 12A1 and 
stored in a polyethylene container in a cool place. 
A 10 g aliquot of air-dried soil and biosolids samples (sieved < 2 mm) were weighed into a 
plastic bottle and 20 mL of the extraction solution was added and shaken for 2 hr, 
centrifuged at 3000 rpm for 5 minutes and filtered with a Whatman number 42 (11 cm) filter 
paper. Analytical grade multi element mixed ICP-MS stock solution containing Mn, Al, Fe, 
Cu, Cr, Cd, Co, Mo, Ni, Pb and Zn at a concentration of 100 mgL-1 was purchased from a 
commercial supplier (Graham B. Jackson). An intermediate stock solution was prepared 
from the mixed stock standards at a concentration of 1 mgL-1 for each micronutrient. 
Calibration standards were prepared from the intermediate multi-stock solutions. Then 0.2-1 
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mL aliquots of soil and biosolid extracts were pipetted into 50 mL volumetric flasks and 0.5 
mL (5000 ppb) Praseodymium internal standard was added to standards, samples and blanks 
to check for matrix effect and instrument drift. The calibration standards, samples and 
blanks were diluted with 2 % nitric acid solution and analysed using ICP-MS as previously 
described under section 3.5. 
 
3.7.  HNO3/H2O2 extractable heavy metals in soil, biosolids and plant 
matter 
 
The concentrations of metals in soil, biosolids and plant matter were determined according 
to the procedures described by Benton (2001) by weighing 0.5 g samples into 5 mL of 70 % 
nitric acid in 150 mL Pyrex tubes and predigested at room temperature for 30 minutes. 
Samples were digested in an aluminium block at 125 0C for 1 hr and then 3 mL of 30 % 
hydrogen peroxide was added to each tube. After 1hr of digestion, the Pyrex tubes were 
removed from the digestion block and allowed to cool. A 2 mL aliquot of 30 % hydrogen 
peroxide was added to each of the samples and further digested at 125 0C for 2 hr. After a 
total of 4 hr digestion, samples were removed from the digestion block and allowed to cool 
to room temperature. The Pyrex tubes were rinsed with 2 % nitric acid and quantitatively 
transferred to 50 mL volumetric flasks using < 0.45µm pore (Whatman No. 42 ) filter paper 
and  diluted to the mark with 2 % nitric acid. For the analysis, 0.5 mL of the extract was 
added in to 50 mL volumetric flask and diluted with 2 % nitric acid. Calibration standards 
were prepared from a multi element stock analytical grade solutions. Samples, standards and 
blanks were spiked with 0.5 mL (5000 ppb) praseodymium internal standard to check for 
matrix effect and instrument drift. Samples, standards and blanks were diluted to the mark 
using 2 % nitric acid and the heavy metals (Cu, Cd, Co, Cr, Mo, Mn, Fe, Pb, Ni, Zn) and 
major cations (Na, K, Ca, Mg, Al)  were analysed using an Agilent Technologies Model 
4500 series 300 ICP-MS with HP ChemStation software.  
To validate the laboratory generated analytical data for soil and biosolids and plant samples 
,certified reference materials CRM 031-040 (sewage sludge) and standard reference 
material SRM1573a (Tomato leaves)  were analysed respectively, along with the samples, 
and the percentage recovery of each analytes in the standard reference material was 
calculated. 
To check the reproducibility of the analytical data, five replicates of soil and biosolids 
samples were analysed and the coefficient of variation was determined. 
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3.8.  Determination of total metals, total P and total S in soil and 
biosolids using XRF 
 
Total metals in soil, biosolids and biosolids amended soil samples were analysed using a 
Bruker S4 pioneer (Bruker AXS, Karlsruche, West Germany) Wave Length Dispersion- X-
Ray Fluorescence Spectrometry, equipped with LiF, LiF (200), Ge, PET, OVO -55 crystals 
with a detection limit ranging between 10-100 µgg-1 for soil (Schlotz and Uhlig, 2002). 
X-ray fluorescence analysis was carried out by weighing 8 g of each of soil, biosolids and 
biosolids amended soil samples and 2 multimixes XRF pelleting tablets each weighing 1 g 
were added in each of the samples and ground using a Zirconium made Lab Technics Ring 
Mill. The fine particulate samples were transferred into an aluminum cup and packed using 
an Enerpac hydraulic pressure packer. The pressed pellets were analysed in triplicate. 
For XRF analysis of total metals in soil/biosolids and biosolids amended soils samples, 
external calibration curves for each of the metals ((Cu, Cd, Co, Cr, Mo, Mn, Fe, Pb, Ni, Zn,) 
and major cations (Na, K, Ca, Mg, Al)  were established by analysing eight soil standard 
reference materials (NCS DC 73319, NCS DC 73320, NCS DC 73321, NCS DC 73322, 
NCS DC 73323, NCSDC 73324 NCS DC 73325  NCS DC 73326). To validate the 
established calibration curves, Till 1 and Till 3 soil standard reference materials were treated 
as samples and analysed based on the already established calibration curves and the percent 
recovery was calculated.  
 
3.9.  Determination of total nitrogen, NO3-N and NH4-N in soil, 
biosolids and plants  
 
             Total nitrogen and carbon in soil and total nitrogen in plant matter  
 
In collaboration with the Department of Primary Industry (DPI Werribee, State Chemistry 
Laboratory), 0.5 g samples of each of soil, biosolids and ground canola and oats shoots were 
weighed and analysed in triplicate to determine the percent total nitrogen. The Leco FP 
2000 Carbon and Nitrogen Autoanalyzer instrument was calibrated using EDTA, Australian 
Soil and Plant Analysis council (ASPAC) standard reference materials (STD 75, STD 55 
and compost 5 for soil and biosolids) and ASPAC standard reference materials STD 143 tea 
leaves and STD 63 eucalyptus leaves were also analysed for total nitrogen concentrations to 
validate the accuracy of analytical results.  Total nitrogen in canola seed was determined 
following the Kjeldahl procedure. 
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    NO3-N in soil, biosolids and in plant matter 
 
Nitrate-N was determined by an automated spectrophotometric method (flow injection 
analysis). In this method nitrates are reduced to nitrite by a copper cadmium reductor coil 
(CRC). The nitrite ion reacts with sulfanilamide under acidic conditions to form a diazo 
compound. This couples with N-1-naphthyl ethylenediamine dihydrochloride to form a 
reddish purple azo dye (Technicon Instrument Corporation, 1971). 
Nitrate-N in samples of soil and biosolids were extracted using 2 M KCl extracting solution 
(Keeny and Nelson, 1982) which was prepared by dissolving 149.1 g of KCl in 1 L of milli-
Q water. Five gram of soil and biosolids were weighed into 250 mL plastic bottles and 50 
mL of 2 M KCl extraction solution was added and shaken in a Griffen Flask shaker for 30 
minutes, and filtered using a Whatman number 42 filter paper (11 cm) and stored in a cool 
(4 0C) place. For the analysis of nitrate in plant tissue, 0.2 g of ground plant was weighed 
and 50 mL of 2 % acetic acid was added and shaken for 30 minutes, filtered using Whatman 
No 42 filter paper (11 cm) and stored in a cool (4 0C) place ( Karla, 1998).  
Samples, standards, and blanks were analysed using the cadmium-reduction technique in a 
flow injection analyser with the absorbance of the reddish purple colour measured at a 
wavelength 520 nm. Where concentrations exceeded the calibration range, soil biosolids 
and plant extracts were diluted with the extraction solutions in a 1:50 dilution factor and 
analysed.  
The portable flow injection analyser instrument which was manufactured by Monash 
University was for the first time used in this study for the analysis of nitrate and phosphorus 
in soil and plant extracts. Figure 3.4 shows the instrument setup and the direction of flow of 
reagents, carriers and buffer solutions for the analysis of NO3-N in soil and plant extracts. 
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Figure 3.4 View of the mixing block setup for nitrite/ nitrate analysis. The numbers refer to 
the order wherein the reagents are mixed and show the direction of flow, R1 and R2 indicate 
reagent1 and reagent2 
 
 
The following reagents, standard and buffer solutions were prepared and used: 
 
Reagent 1 Sulphanilamide ( C6H8N2O) 
 
Five gram of sulphanilamide was dissolved in a mixture of 26 mL concentrated HCl and 
300 mL of ultra pure water added to a 500 mL volumetric flask. This was diluted to the 
mark with Milli-Q water and sonicated for 30 minutes. 
 
           Reagent 2 NED dihydrochloride solution (C12H14N2.HCl) 
 
Analytical grade NED dihydrochloride (0.5 g) was dissolved in 500 mL Milli-Q water and  
sonicated for 30 minutes. 
 
 
 
R1 R2 
Buffer 
1. Buffer and 
Carrier mixed 
in 1200mm 
mixing coil 
Cd Carrier 
2. Mixed buffer and carrier (contains 
sample) flows through the Cd 
reduction column 
 4 
R1/sample/carrier/buffer 
solution mixed with R2 in 
600mm mixing coil 
5. To the detector 
3. Sample/carrier/buffer 
solution mixed with R1 
in 300mm mixing coil 
Screws to 
block these 
outlets/ inlets 
of the mixing 
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Buffer NH4Cl solution 
 
 To prepare the buffer solution, 85 g of NH4Cl and 3 g of Na2 EDTA were dissolved in 920 
g of ultra pure water. The pH of the solution was adjusted to 8.5 by adding 5 - 6 mL 
concentrated ammonia; Milli-Q water was used as a carrier. 
 
Preparation of copperized-cadmium reduction column 
 
A 2% copper sulphate solution was prepared by dissolving 10 g CuSO4.5H2O in 500 mL of 
ultra pure water.  
Cadmium granules (10 g) were weighed and swirled in 6 M HCl for 1 min after which the 
supernatant was decanted to an appropriate waste container to remove the oxide coating 
from the cadmium granules. The cadmium granules were rinsed with ultra pure water and 
decanted. The cadmium granules were then swirled in portions of 2 % copper sulphate for 5 
minutes and the supernatant was decanted. This process was repeated until a brown 
colloidal precipitate formed; finally this was washed with Milli-Q water and rinsed with 
NH4Cl buffer solution. The granules sat in the buffer solution while packing the column.  
 
Stock NO3-N solution (100 mg/L NO3-N) 
 
 Analytical grade sodium nitrate 0.3035 g (NaNO3) was dissolved in 500 mL of ultra pure 
water. For the intermediate stock standard solution 20 mL of the 100 mgL-1 stock solution 
was diluted with Milli-Q water in a 100 mL volumetric flask. 
Calibration standards were prepared by taking series of volumes (0, 1, 2, 4, and 8 mL) of the 
intermediate stock solution and diluted to 100 mL with Milli-Q water which were 
equivalent to 0, 0.2, 0.4, 0.8 and 1.6 mgL-1 NO3-N ( Appendix I Table I-1). 
 
Validating the Analytical data 
 
There are no standard reference samples for accurate determination of nitrate. Precision 
measurements for NO3-N carried out for soil test quality assurance program of the Alberta 
Institute of Pedology (Heaney et al., 1988) indicated that NO3-N was one of the most 
variable parameters measured. Coefficient of variation ranged from 4.8% to 30.4% for 
samples with 67.3 ± 3.2 (sd) and 3.3 ± 1.0 (sd) mg NO3-N/ g respectively. 
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Hence, to validate the analytical data, extracts were spiked with 0.5 mL of the 20 mgL-1 
NO3-N standard and analysed. The percentage recovery was calculated.  
 
NH4-N in soil and biosolids (Phenate method) 
 
Ammonium in soil and biosolids was determined by an automated spectrophotometric 
method (segmented flow analyzer) utilizing the Berthelot reaction (Searle, 1984). Phenol 
and NH4 react to form an intense blue color. The intensity of the color is proportional to the 
NH4 present. Sodium hypochlorite and sodium nitroprusside solutions are used as oxidant 
and catalyst, respectively (O.I. Analytical, 2001b). 
Ammonium-N in soil and biosolids was analysed using the phenate method in which 4 g 
soil, biosolids were weighed in plastic containers in duplicate and 40 mL of 1 M KCl was 
added, shaken for 30 minutes, centrifuged, filtered and analysed using segmented flow 
analysis. 
 
3.10.  Determination of Olsen-extractable P in soil and biosolids 
 
The empirical method of Olsen et al. (1954) has wide international acceptance as an 
indicator of soil P fertility. Olsen’s method is based on extraction of air-dried soil with 0.5 
M NaHCO3 and adjusted to pH 8.5 with NaOH. Soil extraction is for 30 minutes at a 
soil/solution ratio of 1:20 as per Method 9C1 (Rayment and Higginson, 1992).  
 
Extracting solution 
 
 A 0.5 M NaHCO3 extracting solution was prepared by dissolving 42 g sodium bicarbonate 
in 900 mL ultra pure water and 0.8 g NaOH was added to adjust the pH to 8.5 and diluted to 
1000 mL with ultra-pure water. 
 
Reagent 1 (Ammonium Molybdate) 
 
For the first reagent, 5 g ammonium molybdate was transferred to a 500 mL volumetric 
flask, 250 mL of ultra-pure water was added and sonicated until completely dissolved, then 
70 mL of 25 % v/v sulphuric acid added and diluted to the mark with ultra-pure water and 
sonicated for 15 minutes. 
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   Reagent 2 (stannous chloride) 
 
The second reagent (stannous chloride) was prepared by weighing 0.1 g tin (II) chloride and 
1 g hydrazine sulphate in a 500 mL volumetric flask and 250 mL of ultra-pure water was 
added and sonicated for 30 minutes until both compounds dissolved, then 56 mL of 25 % 
sulphuric acid was added and diluted up to the mark with ultra-pure water and sonicated for 
15 minutes. 
 
Standard stock solution (100 mg P/L) 
 
Phosphorus stock solution was prepared by dissolving 0.4394 g of  KH2PO4 in ultra-pure 
water and made up to a final volume of 1000 mL in ultra-pure water. 
 
Intermediate stock solution (20 mgP/L) and Calibration Standard solutions  
 
For the intermediate stock solution, 20 mL of the 100 mg P/L stock solution was diluted 
with Milli- Q water in 100 mL volumetric flask and working calibration standard solutions 
were prepared by taking 1, 2, 3,4,5,7.5 and 10 mL of the intermediate stock solution in 100 
mL volumetric flasks which were equivalent to 0.2, 0.4, 0.6, 0.8, 1, 1.5 and 2 mg P/L 
concentrations and diluted up to the mark with the extracting solution (Appendix I Table I-
2). 
Hence, 2.5 g of soil and biosolids samples were weighed in 125 mL plastic bottles to which 
50 mL of the extracting solution was added, shaken in a reciprocating shaker for 30 minutes 
and filtered using Whatman number 42 filter paper (11cm).  
The portable FIA system shown in Figure 3.5 was setup according to the manufacturer’s 
manual for P analysis in soil and plant extracts and the absorbance of the blue complex was 
recorded at 640 nm.  
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Figure 3.5 View of the mixing block setup for phosphorous analysis. The numbers refers to 
the order wherein the reagents are mixed and the arrows show the direction of flow 
 
Soil and biosolids extracts were analysed in triplicate by diluting them with extraction 
solution in a 25 mL volumetric flask. Olsen and acetic acid extractable soil and plant 
phosphorus data were validated by spiking soil extracts with a known concentration  
(0.8 µgg-1) of phosphorus standards and plant extracts with 0.8 and 2µgg-1 phosphorus 
standards and analysed. The percent recoveries of the spiked samples were calculated.  
To further check the quality of Olsen- extractable phosphorus data, an ASPAC 51 soil 
standard reference material was also treated as a sample and analysed for phosphorus 
concentrations to determine the percent recovery.  
 
3.11.  Acetic acid extractable phosphorus in plant matter 
 
For the determination of phosphorus in plant matter, 0.2 g of ground plant samples were 
weighed in 125 mL plastic bottle in triplicate and 50 mL of 2 % acetic acid was added, 
shaken for 30 minute and filtered using a Whatman number 42 filter paper (Karla, 1998). 
The phosphorus concentration in plant extracts was determined using the stannous chloride 
reduction technique in the flow injection analyser. 
2. R1, R2 & carrier 
mixed in 600mm 
mixing coil 
1. R1 and Carrier 
mixed in 300mm 
mixing coil 
R2 R1 
Carrier 
3. To the detector 
Screw to block this 
outlet/ inlet of the 
mixing block 
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To validate the quality of analytical data, plant extracts were spiked with a known 
concentration of phosphorus standards ranging between 0.8 and 2 µg/g and the percentage 
recovery was calculated. 
 
3.12.  Pathogen survival in biosolids and biosolids amended soil 
 
At the end of the 2006 trial, random samples of 20 cores of biosolids amended soil per plot 
at 0-10 cm soil depth including from unamended control plots were taken from experiment 
1 (canola with dewatered biosolids treated plots),  and combined to make a composite 
sample to give a total of 18 composite samples. Dewatered biosolids and composted 
biosolids samples were also randomly taken. Similarly, at the end of 2007 trial, the same 
sampling procedure was followed. All biosolids amended soil and biosolids samples were 
submitted to the Australian Laboratory Services (ALS Consulchem) and analysed as per 
Australian Standards, (AS5013.11.1, 2004) for survival of the pathogens E.coli, Clostridium 
perfringens and Salmonella species.  
E.coli/g was analysed as per AS5013.15, 2004, (37 0C/48h), Clostridium perfringens, cfu/g 
was analysed as per AS5013.16, 2004, (37 0C/20 h) and Salmonella spp, in 25 g as per 
F0677 (37 0C/16-20 hr). The analysis was performed on samples as received. 
 
3.13.  Harvesting crops and determination of yield and yield 
components 
 
Canola 
 
From each of the 36 canola experimental plots which includes experiment 1 (Canola with 
dewatered biosolids and Experiment 2 (Canola with composted biosolids) at WWSP, plant 
biomass samples from a 1 m2 area in the centre of the plots to avoid edge effects were 
harvested. Sub-samples of 5-10 individual plants were taken and plant height, number of 
branches/plant, number of pods/plant and number of seeds/pod and 1000 seed weight were 
recorded. 
 Then samples were allowed to dry for 7 days and dry plant biomass was recorded, pods 
were crushed and seeds were separated from the pods and dry seed weight was taken.   
Samples of canola seed were sent to Agrifood Technology at Werribee, Victoria and seed 
oil content was extracted using solvent extraction and the concentration of oil in canola seed 
was determined by gas chromatography. 
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Oats  
 
From each of the 36 oats experimental plots treated with dewatered and composted 
biosolids (including the conventionally fertilized and unamended control plots), plant 
samples were harvested from a 1 m2 area in the centre of each of the plots and allowed to 
dry for 7 days. The dry plant biomass and seed yields were recorded.   
Separate sub-samples of 5-10 individual oat plants were also taken and measured for 
agronomic variables grain/panicle and plant height.  
 
3.14.  Statistical procedures 
 
The analytical data were subjected to a two way analysis of variance (ANOVA, F-test) 
taking into account biosolids application rates and blocking effect for each experiments 
using Genstat Release 9 (Lawes Agricultural Trust, Rothamsted, and Harpenden, UK). 
Differences between means were compared by Fisher’s least significance difference LSD  
(t-test) using a significance of P ≤ 0.05 level. Pearson correlation coefficients were used to 
determine significance of correlations between various parameters. Correlations were 
declared significant at P ≤ 0.05 and highly significant at P ≤ 0.01.  Simple regression 
analysis was also conducted to examine the impact of biosolids application rates on soil P 
levels and multiple regression analysis was also performed to test the effect of soil total 
metals concentrations and soil pH on plant shoot metal concentrations. The superscripts  
*, **,*** and ns refer to significant treatment effects in ANOVA F-test at P ≤ 0.05 , P ≤ 
0.01, P ≤ 0.001  and not significant, respectively. 
 
 
 
  
104 
4 
 
CHAPTER 4. THE RESPONSE OF CANOLA AND OATS TO  
THE APPLICATION OF BIOSOLIDS 
 
Introduction 
 
This chapter measures and compares the effect of incorporating various rates of dewatered 
and composted biosolids on the yield and yield components of canola and oats and their 
relationship under a crop rotation regime. It also describes the effect of different rates of 
dewatered biosolids and composted biosolids on N, P, S and oil concentrations in canola 
seeds under field conditions.  
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4.1. Physicochemical properties of soil and biosolids 
 
The anaerobically digested dewatered biosolids generated from WWSP had been stockpiled 
on a 10 hectare land over two years. As expected the moisture content of the biosolids was 
very low since the biosolids were exposed to wind and hot summer heat. It is also expected 
that significant proportions of the NH4-N and NO3-N may have lost through NH3-N 
volatilization and leaching respectively. Air drying had no significant effect on the moisture 
content of the biosolids, however, for the purpose of standard analytical procedures the 
biosolids were air dried and analysed for physicochemical properties. 
After correcting for moisture content which was very low, the dried biosolids were weighed 
and incorporated into 0-10 cm soil depth at higher application rates on dry weight basis. 
The composted biosolids were transported from pinegro (composting firm at deer Park) and 
left for a month near the experimental site. The composted biosolids had similar moisture 
content with the dewatered biosolids obtained from WWSP. Both the dewatered biosolids 
and composted biosolids were mainly domestic origin with slight industry discharge. 
As part of its routine activity, the staff at Western Water collect and send biosolids samples 
to Australian laboratory Services for nutrient and heavy metal analyses every three months; 
the results indicate that there is no significant difference between the various temporal 
analytical results for nutrients and heavy metals (data not shown). 
During the second year of the experiment, the same dewatered biosolids and composted 
biosolids were used and incorporated into 0-10 cm soil depth on dry weight basis. 
Results for selected physical and chemical properties of the soil type, dewatered biosolids 
and composted biosolids used in the field experiment are shown in Table 4.1 below. 
The pH and dry matter content of soil and biosolids products were relatively similar; 
however, the anaerobically digested dewatered biosolids had higher concentrations of total 
C, N, S, Cu and Zn concentrations than the composted biosolids. Biosolids from Western 
Water at Sunbury Waste treatment centre are blended with screened green waste from local 
council collections and passed through a 12-week biosolids composting process that 
produces sufficient heat to destroy any pathogens to produce a composted biosolids product. 
The EC and CEC values of composted biosolids were significantly higher than dewatered 
biosolids which could imply that long term repeated applications of the composted biosolids 
may elevate the levels of soluble salts in the soil. Composted biosolids had also higher 
concentrations of total P, Olsen-P, NO3-N which would possibly increase phosphorus levels 
in the amended soil. The concentrations of major cations with the exception of aluminium 
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were significantly higher in composted biosolids than the levels found in dewatered 
biosolids; this would be due to the addition of green wastes during the composting process.  
Compared with the biosolids generated by Victorian (Goulburn valley  Water, North East 
Water, Dutson Downs Gippsland and Dutson Downs East Gippsland water) which were 
used by the NBRP, biosolids produced at WWSP had considerably higher total N, P, Cu, Zn 
and NH4-N concentrations. 
 
 
 
 
 
 
Table 4.1 Physicochemical properties of soil and biosolids used for the experiments  
Analytes Soil Dewatered biosolids Composted biosolids 
pHw 6.5 6.7 6.4 
DM (%) 98 92 89 
pHCaCl2 5.5 6.2 6.1 
EC ( 1:5)(µ S/cm) 67.4 1350 2704 
CEC (meq/kg) 6.9 24 62 
Total N % 0.17 ± 0.002 4.22 ± 0.01 1.44 ± 0.003 
Total C % 2.04 ± 0.02 31 ± 0.1 13.85 ± 0.04 
C/N 12.2 7.4 9.6 
Total P
  
(µg/g) 855 ± 3 15003 ± 4 21290 ± 566 
Total S (µg/g) 239 ± 1 11380 ± 0.0001 5265 ± 6 
Total Cu (µg/g) 17 ± 1 648 ± 1 210 ± 4 
Total Zn
 
 (µg/g) 37 ± 2 1062 ± 1 813 ± 8 
Total Mn
 
 (µg/g) 247 ± 2 213 ± 1 299 ± 6 
Total Ni (µg/g) 23.3 ± 0.4 27.17 ± 0.01 21 ± 0.4 
 Total Pb (µg/g) 11.4 ± 0.2  28 ± 3 47 ± 1 
Total Co (µg/g) BDL 3.97 ± 0.14 BDL 
Total Cr (µg/g) BDL - 15.3 ± 0.6 
Total Cd (µg/g) BDLa BDL BDL 
Total K (%) 1.071±0.005 0.389±0.001 1.240 ±0.002 
Total Fe (%) 4.53 ± 0.01 1.36 ± 0.01 2.5 ± 0.1 
Olsen-P (µg/g) 14.8 691 762 
NO3-N (µg/g) 2.9 830 1864 
NH4-N(µg/g) 5 ± 3 3740 ± 74 2113 ± 8 
Mineral-N 7.9 4570 3977 
Organic-N 1692 37630 10423 
1 M NH4Cl extractable Major cations (µg/g) 
Na 76 ± 2 749 ± 59 1557 ± 50 
Mg 264 ± 4 1200 ± 86 3564 ± 17 
K 316 ± 11 735 ± 65 4546± 79 
Ca 697 ± 13 1831 ± 118 2864 ± 51 
Al 1.3 ± 0.2 144 ±31 11 ± 9 
Total P, S, Cu, Zn and Mn were determined using WD-X-ray fluorescence spectrometry, whereas, Na, Mg, 
K, Ca and Al were analyzed using ICP-MS (n = 3).  The superscript “a “indicates that  total cadmium  in soil 
and biosolids was extracted by HNO3/H2O2 and analyzed by ICP-MS and Cd content was below detection 
limit( BDL) . All analytical results are expressed on air dry basis. 
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4.2. Responses of canola to the application of biosolids 
 
Figure 4.1 shows the growth of canola at various stages during the seasons in 2006 and 
2007 experiments at WWSP.  
Dewatered biosolids and composted biosolids applications compared to the nil control plots 
significantly (p < 0.05) increased the seed and plant biomass yield and yield components of 
canola crop (Table 4.2). 
Compared to the unamended and conventionally fertilized control plots, increasing trends 
for all the agronomic variables following biosolids application were observed (Fig. 4.2 and 
4.3). 
 
  
 
 
Figure 4.1 Canola crops grown using dewatered and composted biosolids at Western Water 
Surbiton Park, 2006 and 2007 field experiments. 
 
 
 
 
 
 
Canola crop 2006 trial Canola crop 2007 trial 
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Year 1 (2006) 
 
Table 4.2 presents the results for all the agronomic variables measured for the canola crop at 
all application rates and Figure 4.2 and 4.3 show the main agronomic variables plotted 
against application rates. 
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Figure 4.2 Canola seed and dry biomass yields and yield components as affected by 
dewatered biosolids and composted biosolids application rates on dry solid basis (2006).  
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Yields of canola seed and plant biomass recorded in the unamended control and the highest 
dewatered biosolids application (65 t/ha) treated plots were compared. Canola seed yield 
increased significantly from 1.4 to 4.6 t/ha, whereas plant biomass increased significantly 
from 3.8 to 20 t/ha, respectively (p < 0.05) (Table 4.2) and Fig 4.2 and 4.3).  
Figure 4.2 depicts the mean values of canola yield and yield components as influenced by 
dewatered biosolids and composted biosolids applications, whereas, figure 4.3 shows the 
total raw data for canola seed and biomass yields plotted against biosolids applications.  
The highest yields were attained at the highest application rate of dewatered biosolids (65 
t/ha), however, canola seed yield recorded at 25, 45 and 65 t/ha dewatered biosolids 
application rates were not significantly different from each other, thus the 25 t/ha dewatered 
biosolids rates would be the optimum loading rate for the optimum  canola seed production. 
The number of branches per plant, pods per plant and plant height of canola crop were also 
highly significant compared with the unamended and fertilized control plots (p < 0.001) and 
responded positively as dewatered biosolids loading rates increased. The highest number of 
branches per plant (6), pods per plant (248) and plant height (118 cm) were recorded at the 
maximum dewatered biosolids application rate(65 t/ha)  (Table 4.2).  
Canola seed yield increased from 1.1 t/ha in the unamended control plot to 2.5 t/ha at the 
highest (70 t/ha) composted biosolids treated plot (p < 0.05).  Similarly, canola seed yield 
obtained at the 30, 50 and 70 t/ha composted biosolids applications were not significantly 
different from each other and hence the optimum composted biosolids rate would be the 30 
t/ha loading rate for the optimum canola seed yield.  
Plant biomass yields obtained 9.3 t/ha at 50 t/ha application rate were significantly higher 
than the unamended and conventionally fertilized control plots. The highest number of 
branches per plant (5), pods per plant (156), and plant height (108 cm) of canola crop were 
recorded (p < 0.001) at the 50 t/ha composted biosolids application rate (Table 4.2).  
In both dewatered biosolids and composted biosolids treated canola plots the number of 
seeds/pod and the weight of 1000 seeds were not different from the control plots. 
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Table 4.2 The response of canola to the application of various rates of dewatered biosolids and 
composted biosolids (t/ha) in the 2006 field experiment. 
Experiment 
type 
Applied 
rates  
( t/ha) 
Dry 
seed  
Wt. 
(t/ha) 
Dry 
biomass  
(t/ha) 
 
Branches 
per/plantn 
 
Pods/planta 
  
Seeds/podn Height  
( cm) 
 
1000 
Seed 
wt. 
( g) 
Control 1.4 3.8 3 56 25 86 3.4 
Fertilized  2.4 6.0 4 115 25 104 3.1 
5 1.0 2.8 3 58 24 86 3.4 
25 4.0a 13.0 4 156 26 108 3.4 
45 4.2 20.4 5 190 25 114 3.3 
65 4.6 18.0 6 248 26 118 3.4 
Dewatered 
biosolids 
treated 
canola 
plots 
LSD 0.05 2.7* 4.9*** 0.9*** 47.8*** ns 8.6*** ns 
Control 1.1 4.0 3.3 59 25 63 3.2 
Fertilized  1.6 6.0 3.2 68 25 88 3.4 
10 0.97 3.7 2.5 59 22 74 3.4 
30 1.9b 7.0 4.0 98 24 102 3.0 
50 2.4 9.3 5.0 156 22 108 3.1 
70 2.5 8.7 3.6 85 25 91 3.1 
Composted 
biosolids 
treated 
canola 
plots 
LSD 0.05 1.1* 5.0* 0.63*** 22*** ns 8.2*** ns 
The superscripts *, ***, and ns refers to significant treatment effects in ANOVA at   p < 0.05, p < 0.001, and not 
significant, respectively. The subscript “n” refers to branches, pods per plant and seeds per pod were expressed in 
number. The superscripts a and b indicate the optimum canola seed yields in response to dewatered biosolids and 
composted biosolids applications, respectively. 
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Figure 4.3 The effect of dewatered biosolids and composted biosolids applications on canola 
seed and dry biomass yields in the 2006 plot trial.  Triplicate measurements for canola seed 
and dry biomass yields were plotted against biosolids application rates. The probability vaues 
stand for ANOVA ( F-test) for the regression line. 
 
 
Year 2 (2007) 
 
Dewatered biosolids were reapplied at the same rates as in the 2006 experiment. Canola 
seed of 4.3 t/ha and plant biomass yields of 18 t/ha recorded at the 45 and 65 t/ha dewatered 
biosolids treated plots were significantly (p < 0.001) higher than both the yields recorded 
from conventionally fertilized and the untreated control plots (Table 4.3). 
Similarly Figure 4.4 depicts the mean values of canola yield and yield components in 
response to dewatered biosolids and composted biosolids applications, whereas, figure 4.5 
indicates the total raw data for canola seed and biomass yields plotted against biosolids 
applications.  
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Canola seed yields obtained from the 45 and 65 t/ha dewatered biosolids application were 
not significantly different from each other, thus the 45 t/ha dewatered biosolids application 
was the optimum dewatered biosolids application rate. 
The number of branches (19), pods per plant (323) for canola were highest (p < 0.001) at the 
45 t/ha dewatered biosolids loading rate, whereas the maximum number of seeds per pod 
(29) and plant height (120 cm) were recorded at the 65 t/ha dewatered biosolids loading 
rates (p < 0.001). Compared with the control plots, significant increases in seed and biomass 
yields, the number of pods/plant and branch/plant were observed (p < 0.001).  
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Figure 4.4 Canola seed and dry biomass yields and yield components as affected by 
dewatered biosolids and composted biosolids application rates on dry solids basis (2007). The 
error bars indicate ± sd of triplicate measurements. 
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Composted biosolids were reapplied at the same rate as in 2006 experiment and the highest 
canola seed and dry biomass yields of 3.2 and 15 t/ha were measured in the 50 t/ha 
composted biosolids loading rates.  Likewise canola seed yields recorded at the 50 and 70 
t/ha composted biosolids rates were not significantly different from each other suggesting 
the 50 t/ha composted biosolids rate was the optimum loading rate. 
The number of branches per plant, pods per plant, seeds per pod and plant height was 
highest at the 50 t/ha composted biosolids treated plots which were significantly different 
from the unamended and conventionally fertilized control plots (Table 4.3). 
The number of seeds/pod in canola was significantly different ( p < 0.001) from the control 
plots for both dewatered biosolids and composted biosolids treated canola plots, however 
the weight of 1000 seed canola seed was not different from  between the treatments.  
Table 4.3 The response of canola to the application of various rates of dewatered and composted 
biosolids (t/ha) in the 2007 field experiment. 
Experimen
t type 
Applied 
rates  
( t/ha) 
Dry 
seed  
Wt. 
(t/ha) 
Dry 
biomass  
(t/ha) 
 
Branches 
per/planta 
 
Pods 
Per planta 
  
Seeds 
per poda 
Height  
( cm) 
 
1000 
Seed 
wt. 
( g) 
Control 0.4 4.2 8.6 92 21 77 3.83 
Fertilized  1.5 9.7 17.0 213 26 99 4.08 
5 1.0 7.3 9.0 142 27 94 2.84 
25 2.0 11.0 16.0 224 26 107 3.4 
45 4.3c 16.0 19.0 323 28 102 3.8 
65 4.0 18.0 16.5 280 29 120 2.8 
Dewatered 
biosolids 
treated 
canola 
plots 
LSD 0.05 0.7*** 4.5*** 4.01*** 54*** 3.3*** 12*** ns 
Control 0.5 4.7 5.7 66 25 74 4.9 
Fertilized  1.0 8.2 9.9 127 28 93 4.9 
10 1.4 9.2 10 178 25 88 5.5 
30 1.6 10.4 12 189 28 95 5.6 
50 3.2d 15.0 19 367 31 112 3.9 
70 2.4 14.3 17 281 29 106 3.6 
Composted 
biosolids 
treated 
canola 
plots 
LSD 0.05 1.2** 4.3** 4.7*** 85.7*** 2.4*** 7.6*** ns 
The superscripts *, **, ***, and ns refers to significant treatment effects in ANOVA at   p < 0.05, p < 0.01, p < 
0.001 and not significant, respectively, whereas the subscript ‘a’ refers to branches, pods per plant and seeds per 
pod were expressed in number. The superscripts ‘c’ and   ‘d’ indicate the optimum canola seed yield for dewatered 
biosolids and composted biosolids, respectively. 
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Figure 4.5 The effect of dewatered biosolids and composted biosolids applications on canola seed 
and dry biomass yields in the 2007 plot experiment.  Triplicate measurements for canola seed and 
dry biomass yields were plotted against biosolids application rates. The probability values stands for 
the ANOVA ( F-test) for the regression line. 
 
 
Relationship between canola agronomic variables 
 
For canola plots treated with dewatered biosolids in 2006 and 2007, dry seed weight and dry 
biomass yields were positively correlated (r = 0.88**, r = 0.92**). A positive correlation (r 
= 0.75**, r = 0.77** ) between the number of pods and branches per plant of canola crop 
was also observed due to dewatered biosolids applications rates in both years of the 
experiment respectively (Fig. 4.6).  
Likewise, the correlations between seed weight and biomass (r = 0.93** and r = 0.85**,) 
between the number of pods and branches per plant (r = 0.73** and r = 0.89**) in 
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composted biosolids treated canola plots in 2006 and 2007 were also significant and similar 
to the correlations observed in dewatered biosolids treated canola plots (Fig. 4.7). 
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Figure 4.6 Relationships between canola yield components as affected by dewatered 
biosolids applications rates in 2006 and 2007 field experiment.  
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Figure 4.7 Relationships between canola yield components as affected by composted 
biosolids applications rates in 2006 and 2007 field experiments.    
 
 
Discussion 
 
In the 2006 experiment, canola seed and plant biomass yields in dewatered biosolids 
treatments were significantly higher than yields in composted biosolids treatments (Table 
4.2). This may be explained because the dewatered biosolids have higher potentially 
mineralizable total N and S and was the highest in Cu and Zn levels than composted 
biosolids. These nutrients could have significantly contributed to the yield differences 
between the two biosolids types. 
In 2006, seed and biomass yields of canola increased in response to both types of biosolids 
products showing a quadratic trend with coefficient of determination values R2 = 0.57 and 
R2 = 0.86 for dewatered biosolids and R2 = 0.58 and R2 = 0.51 for composted biosolids 
treated canola plots, respectively (Fig. 4.3), whereas in 2007 seed and biomass response of 
canola crop showed a quadratic trend with coefficient of determination values R2 = 0.90 and 
R2 = 0.88 for dewatered biosolids and R2 =67 and R2 = 0.73 for composted biosolids treated 
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canola plots, respectively (Fig 4.5).  There appears to have been a shift in the optimum 
canola seed yield response to dewatered biosolids applications changing from 25 t/ha in 
2006 to 45 t/ha in 2007. 
 Likewise, the optimum canola seed yield response to composted biosolids applications also 
changed from 30 t/ha in 2006 to 50 t/ha in 2007. This was not expected since there were 
significant quantities of total N residue left from the 2006 application. However, such 
changes might be due to significant loses of plant available NH4-N and NO3-N  at the end of 
2006 through volatilization and dentrification, respectively and total N may not necessarily 
indicate the plant available N forms.  
The other possible explanation might be due to large extent of inter seasonal variations in 
crop response between the two years which probably mask the response of canola to any 
residual nutrients left in soil. 
In both years of the plot trial the conventional fertilizer treated canola plots produced 
significantly lower canola seed and biomass yields compared to the 25 t/ha  , 45 t/ha  and 65 
t/ha  and 50 t/ha  and 70 t/ha dewatered biosolids and composted biosolids treated plots, this 
was not expected however fertilizers are usually applied to match the crop nutrient 
requirement, and the significant increase in seed and biomass yields of canola crop obtained 
from biosolids treated plots would suggest that biosolids application might have more than 
nutrient requirement, and these may well include organic matter enrichment, supply of 
sulphur, micronutrients and improve cation exchange capacity and structural stability of the 
soil. 
It might be also since the fertilizers were spread on each of the experimental plots and 
immediately watered using sprinkler system, it is expected that some of the fertilizer N may 
have lost through NH3 volatilization and denitrification processes or through leaching. 
There are some variations in seed and biomass yields obtained in the 2006 inorganic 
fertilizer treated canola plots which was not expected, however such variation were not 
statistically significant. But, seed and biomass yield of canola recorded in 2006 were 
slightly different from the yields obtained in 2007, and these variation would be due to 
seasonal differences between 2006 and 2007 cropping season and environmental parameters 
such as rainfall, temperature and other growing conditions might have impacted and 
resulted in some differences in crop yield between 2006 and 2007 plot experiments. 
Jackson (2000) fitted very close linear and quadratic relationships between seed yield and 
available N. The fact that N nutrition is not always equally effective and interacts with 
environmental conditions has also been reported by other researchers (Andersen et al., 
1996). 
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Butkute et al. (2006) reported similar findings in that increased commercial N fertilization 
rates in the first year effectively increased canola seed yield, but when nitrogen was applied 
at higher rates in the second year, the seed yield either did not increase or the increase was 
not significant and the relationship between seed yield and N loading rates was best 
expressed by a non-linear regression.  
The highest application rates of dewatered biosolids and composted biosolids treatments 
significantly affected the vegetative growth of the canola crop, which in turn influenced the 
number of pods per plant.  Since the number of seeds per pod and 1000 seed weight were 
relatively similar at various dewatered and composted biosolids application rates, the 
increase in the number of pods per plant was the main factor in canola seed yield 
increments. The number of pods per plant is usually a principal factor determining canola 
seed yields (Ogunlela et al., 1990). Similar studies (Allen and Morgan 1972; Cheema et al. 
2001; Ozer, 2002) concluded that the number of pods increased with an increase in applied 
nitrogen fertilizer due to an increase in nitrogen uptake by plants which significantly 
contributed to pod set. Other studies which also reported similar findings using canola and 
elevated commercial nitrogen application rates were Scott et al.( 1973), Singh and Yusuf 
(1979), Hocking ( 1987), Wright et al.(1988), Hocking and Randall (1997), Bilsborrow et 
al. (1993). 
Both types of biosolids treatments also increased the number of branches per plant and 
height of canola crops, which significantly contributed to higher plant biomass. This is 
similar to the findings of Allen and Morgan (1972) who reported that increasing rates of N 
fertilizer increased the number of branches of canola plants. 
As expected, when N was over supplied, canola crops at the 65 t/ha dewatered biosolids 
treated plots the crop experienced lodging which would have contributed to the insignificant 
seed yield increments in the 2007 experiment, similar to this findings Scott et al. (1973) 
Sheppard and Bates (1980), Bailey (1990) reported that canola frequently encounters 
lodging, and occurs primarily with taller varieties and under conditions of increasing N 
rates. This is evidently an indirect effect since high N rates promote the formation of more 
pods and seeds but also decrease of culm stability impacting pod filling. 
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4.3.  Responses of oats to the applications of biosolids 
 
Figure 4.8 and 4.9 shows oats grown at different growth stages during the 2006 and 2007 
experiments conducted at WWSP. 
In the 2006 experiment, dewatered and composted biosolids applications significantly 
increased the seed and plant biomass and yield components of the oat crop (Table 4.4). 
Relative to the unamended and conventionally fertilized control plots. The yield and yield 
components of the oat crop significantly increased following application of dewatered 
biosolids and composted biosolids. However, the 2007 yield records were lower than the 
yields obtained in the 2006 growing season. This was because in the 2007 experiment, the 
oat crops were infested with stem rust which impacted the yield and yield components of 
the crop (Fig. 4.12 and 4.13). 
 
 
  
 
 
Figure 4.9 Oats grown using dewatered and composted biosolids at Western Water Surbiton 
Park, 2006 and 2007 field experiments. 
 
 
Oat crop in 2006 trial Oat crop in 2007 trial 
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  Year 1 (2006) 
 
Oat seed and plant biomass yields were significantly affected by dewatered biosolids 
application rates. The highest oat seed (6.3 t/ha) and dry biomass yields (22.4 t/ha) were 
recorded at the 45 and 65 t/ha dewatered biosolids application rates were significantly (p < 
0.05) higher than the yields obtained from unamended control plots. The grain yields (4.9 
t/ha) in conventionally fertilized plots were similar with the corresponding seed yield 
obtained (4.8 t/ha) at the 65 t/ha dewatered biosolids treated plots (Table 4.4). The grain 
yields in the 25 t/ha treated plots (5.2 t/ha) was also higher than the yield obtained in the 65 
t/ha dewatered biosolids treated plots.  There was no significant difference in terms oats 
seed yield between the 25 t/ ha, 45 t/ha and 65 t/ha loading rates, hence the 25 t ds/ha 
dewatered biosolids application would be the optimum loading rate, as shown in Figure. 11 
where the raw data for oat seed and biomass yields were plotted against biosolids 
applications. 
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Figure 4.10 Oats seed weight and dry biomass yields and yield components as affected by 
dewatered and composted biosolids application rates on dry solids basis, (2006).  The 
error bars indicate ± sd of triplicate measurements 
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Compared to the unamended control plots, the number of grain per panicle and plant height 
increases significantly (p < 0.001) as dewatered biosolids application increased. The highest 
grain per panicle (57) was recorded in the fertilizer treated control plots. Grain per panicle 
(50) and plant height (89 cm) were recorded at the 25 and 65 t/ha dewatered biosolids 
treated plots, respectively (Table 4.4). 
In composted biosolids treated plots, the highest oat seed (6.4 t/ha) and biomass yields (19.6 
t/ha) were recorded at 70 t/ha loading rates and were significantly different from the 
unamended control plots (p < 0.05) (Table 4.4). The highest number of grain per panicle 
(49) was recorded in the fertilized control plot but the maximum plant height (71 cm) (p < 
0.001) was attained at the 70 t/ha composted biosolids treated plot (Table 4.4). 
Seed and biomass yields of oats recorded at 70 t/ha composted biosolids treated plot were 
significantly higher than the yields recorded from conventionally fertilized and unamended 
control plots (Table 4.4). In the 2006 trial, in general oat seed yield results showed that the 
50 t/ha ds composted biosolids application would be the optimum loading rate (Fig. 4.11). 
 
 
Table 4.4 The response of oats to the application of increasing rates of dewatered 
biosolids and composted biosolids (t/ha) in the 2006 field experiment. 
Experiment type Application 
rates ( t/ha) 
Dry seed wt. 
(t/ha) 
Dry biomass  
(t/ha) 
 
Grain 
per/paniclen 
 
Height  
( cm) 
  
Control 2.4 8. 36 55 
Fertilized  4.9 15.5 57 70 
5 3.6 13.4 41 65 
25 5.2e 14.2 50 68 
45 6.3 19.9 48 77 
65 4.8 22.4 46 89 
Dewatered 
biosolids treated 
oats plots 
LSD 0.05 1.6** 6.5* 5.2*** 4.5*** 
Control 2.0 6.6 30 56 
Fertilized  3.9 13.1 49 70 
10 4.2 11.4 41 60 
30 4.2 13.6 40 66 
50 5.9f 18.5 39 64 
70 6.4 19.6 42 71 
Composted 
biosolids treated 
oats plots 
LSD 0.05 1.98* 8.2* 4.7*** 3.1*** 
The superscripts *, ***, and ns refers to significant treatment effects in ANOVA at   p < 0.05, p < 0.01,  
p < 0.001 and not significant respectively, whereas the superscript “n” refers to grain per panicle was 
expressed in number. The superscript ‘e’ and ‘f’ refer to the optimum oat seed yield 
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Figure 4.11 The effect of dewatered biosolids and composted biosolids applications on oat 
seed and dry biomass yields in the 2006 plot trial.  Triplicate measurements for canola seed 
and dry biomass yields were plotted against biosolids application rates. The probability vaues 
stands for the ANOVA (F-test) for the regression line. 
 
 
Year 2 (2007) 
 
In 2007 dewatered biosolids treated oats plots, the oat seed yield was different between the 
treatments. The highest application rate gave about double the seed yield of either the 
unamended or conventionally fertilized control plots, although not statistically different 
from the control plots. The oat crops were infested by stem and leaf rust, which reduced the 
photosynthetic capacity of the crop, thereby negatively impacting the seed setting process. 
This may have contributed to the decrease in the seed and biomass yields of the crop.  
The highest oats plant biomass (15 t/ha) was recorded at the 65 t/ha dewatered biosolids 
treated oat plots and this was higher (p < 0.05) from the control plot. Grain per panicle and 
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plant height of the oats crop recorded at the 45 t/ha dewatered biosolids application rates 
were significantly (p < 0.001) higher than the control plot (Table 4.5).  
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Figure 4.12 Oats seed and dry biomass yields and yield components as affected by 
dewatered and composted biosolids application rates on dry solids basis, (2007).  
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In the composted biosolids trial, oats seed yield was not significantly different from the 
control plot. However, the highest (p < 0.05) oats plant biomass 17 t/ha was recorded at the 
50 t/ha composted biosolids rates (Table 4.5). Figure 4.13 shows the raw data for oat seed 
and biomass yields plotted against biosolids applications.  
Grain per panicle and plant height recorded at the 70 t/ha composted biosolids treated plot 
were significantly (p < 0.05) different from the control plot. 
The fertilized and unfertilized control plots gave relatively similar results in terms of crop 
biomass, grain per panicle and plant height measurements in the 2007 composted biosolids 
treated oat plot. 
 
Table 4.5 The response of oat to the application of various rates of dewatered and 
composted biosolids (t/ha) in the 2007 field experiment. 
Experiment 
type 
Application 
rates ( t/ha) 
Dry seed wt.  
(t/ha) 
Dry biomass  
(t/ha) 
 
Grain per/ 
paniclen 
 
Height 
 ( cm) 
  
Control 1.7 5.8 31 48 
Fertilized  1.5 5.8 32 48 
5 1.8 5.9 32 50 
25 2.4 12.0 30 50 
45 3.2 14.0 43 63 
65 2.9 15.1 38 60 
Dewatered 
biosolids 
treated oats 
plots 
LSD 0.05 ns 7.4* 5.6*** 6.1*** 
Control 2.1 8.6 31 51 
Fertilized  1.8 8.7 36 54 
10 2.3 11 38 55 
30 2.9 14 42 56 
50 3.1 17 45 58 
70 2.7 15 46 57 
Composted 
biosolids 
treated oats 
plots 
LSD 0.05 ns 5.5* 5.73*** 4.1* 
The superscripts *, *** and ns refers to significant treatment effects in ANOVA at   p < 0.05, p < 
0.001, and not significant, respectively, whereas the subscript ‘n’ refers to grain per panicle was 
expressed in number. 
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Figure 4.13 The effect of dewatered biosolids and composted biosolids applications on oat seed and 
dry biomass yields in the 2007 plot trial.  Triplicate measurements for oat seed and dry biomass 
yields were plotted against biosolids application rates. The probability vaues stands for the ANOVA 
(F-test) for the regression line. 
 
 
 
Relationships among oats agronomic variables 
 
Figures 4.14 and 4.15 show the relationship between the various agronomic variables for oats 
grown using dewatered and composted biosolids in 2006 and 2007 experiments. 
Although, the correlations between the number of grain per panicle and height of oats in the 
2006 dewatered biosolids treated oats plots was poor (r = 0.24), the correlations between seed 
and plant biomass of oats was significant (r = 0.67**). Similar results were also observed in 
2007 where seed and plant biomass of oats crops treated with dewatered biosolids were 
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poorly correlated (r = 0.47), however, the number of grain per panicle and plant height was 
positively correlated (r = 0.70**) (Fig. 4.14). 
For the 2006 and 2007 composted biosolds treated oats plots, oats seed and biomass was 
positively correlated (r = 0.77** and r = 0.68**) respectively, however, grain per panicle and 
plant height were poorly correlated (r = 0.26 and r = 0.42) for the two years respectively 
(Fig.4.15).  
The positive correlations between yield and yield components of canola and oats crop 
indicated that the crops responded to dewatered and composted biosolids plant nutrients (such 
as N, P, S, Cu, and Zn) contained in the biosolids. These positive correlations between crop 
yield and yield components suggests the contribution of each yield components to seed and 
biomass yield increases quadratically due to dewatered biosolids and composted biosolids 
loading rates. 
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Figure 4.14 Correlations between yield and yield components of oats as affected by 
dewatered biosolids applications rates in 2006 and 2007 field experiments. 
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Figure 4.15 Correlations between yield and yield components of oats as affected by 
composted biosolids applications rates in 2006 and 2007 field experiments 
 
 
Discussion 
 
At biosolids rates increased, the oats crops were tall with increased number of grains per 
panicle which had a significant effect on seed and biomass yields. Nevertheless, dewatered 
biosolids and composted biosolids rates had relatively a similar effect on seed and biomass 
yields, grain per panicle and plant height (Table 4.4 and 4.5). The concentration of soil 
background P level was adequate, thus the observed positive response of oats to the 
application of both biosolids types was expected to be due to the interaction effects of high 
concentrations of N, S, Cu and Zn contained in the biosolids and the sufficient water 
available to the crops through sprinkler watering system. 
Several researchers suggested various fertilizer rates for optimum oats seed production 
(Hamill, 2002 ; Entz et al., 2004; Weightman et al., 2004) particularly for yield 
optimization and lodging control. A number of researchers also showed that nitrogen 
management is crucial to oats production (Brinkman and Rho, 1984; Marshall et al., 1987). 
Nitrogen directly influences yield by affecting the various yield components, such as 
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panicle density and kernel number, as well as dry matter production and harvest index. The 
relative contribution of each yield component in response to increased nitrogen level will 
change depending on the levels of N used and environmental conditions (Brinkman and 
Rho, 1984; Marshall et al., 1987; Anderson and McLean, 1989; Hamill, 2002).  
In the 2006 plot trial, oats seed and biomass yield showed a quadratic trend with coefficient 
of determination values R2 = 0. 79 and R2 =72 in response to dewatered biosolids 
applications, respectively, whereas, in the 2006 composted biosolids treated oats plots, oat 
seed and biomass yield increased showing a quadratic trend with coefficient of 
determination values R2 = 68 and  
R2 = 64 respectively (Fig. 4.11). Similarly, in 2007, oat seed and biomass yields slightly 
increased, both showed a quadratic trend R2 = 0.55 and R2 = 0.59 following dewatered 
biosolids loading rates. But in the 2007 composted biosolids treated plots the R2 = 37 was 
not significant, however, oat biomass yields showed significant increase and showed a 
quadratic trend with  
R2 = 62 (Fig. 4.13).  
In 2007, oats seed and biomass yield recorded from dewatered biosolids and composted 
biosolids treated oats plots were relatively similar and not significantly different from the 
unamended control plot (Table 4.5). 
 
4.4. Effect of crop rotation 
 
Although the inclusion of canola with cereal crops under rotation usually offers yield 
benefits (Angus et al., 1999; Kirkegaard et al., 2000), in this study, due to a stem rust 
infestation of the 2007 oats plots, it was difficult to quantify the seed yield benefits of 
canola for the subsequent oats crop. 
 
4.5. Comparisons of crop yield responses between biosolids types 
 
In the 2007 experiment after repeated application of both biosolids types, slight increases in 
seed and plant biomass yields of canola were observed, however these increments when 
compared with the 2006 recordings were not significantly different (p < 0.05). 
Dewatered biosolids application rates of 25, 45, 65 t/ha (Table 3.2) and composted biosolids 
application rates of 30, 50 and 70 t/ha (Table 3.3)  gave significantly higher canola seed and 
biomass yields in both years than conventionally fertilized control plots. 
  
130 
Unlike the 2006 results, the number of seeds/pod in the 2007 dewatered and composted 
biosolids treated canola plots was significantly higher than the control plots suggesting a 
significant impact of biosolids on the number of seeds per pod. 
As expected, yield responses of canola to the applications of dewatered biosolids were 
significantly higher than the yields obtained from composted biosolids treated plots, since 
dewatered biosolids had higher plant available nutrients than composted biosolids (Fig. 4.2, 
4.3 and 4.4). 
During the first year of the experiment, oats seed yield obtained at 45 t/ha dewatered 
biosolids treated plot was not different from the corresponding oats seed yield recorded at 
70 t/ha composted biosolids application rates. Despite the highest number of grain per 
panicle (57) being  recorded from the conventionally fertilized control plots the oats seed 
yield recorded at the 65 t/ha dewatered biosolids rates was not different from the seed yields 
obtained from conventionally fertilized control plots.  
Both types of biosolids had a considerable positive impact on oats seed yields (Fig. 4.10. 
4.11, 4.12 and 4.13), however, a comparison between the two years of the experiments were 
not possible because of the incident of stem rust infestations that the oats crop experienced 
during the second year of the experiment. 
In general, dewatered biosolids rates (45 and 65 t/ha) and composted biosolids rates (50 and 
70 t/ha) gave significantly higher seed and biomass yields than conventionally fertilized 
canola and oats plots in both years of the experiments, this could possibly be due to other 
factors such as the interaction between sprinkler irrigation with high biosolids nutrients may 
have significantly influenced the yield responses better than the results obtained from 
conventionally fertilized plots.  
 
 
4.6.  Effect of biosolids application on soil temperature and seed 
germination 
 
  Canola crop 
 
After 2-3 weeks of crop establishment during the 2007 biosolids trial, soil temperature data 
were recorded from the 72 biosolids treated and control plots of canola and oat crops; 10 
temperature readings per plot at 10 cm soil depth were taken. Temperature readings for canola 
were taken early in the morning at 7 am, whereas for oats it was taken at 1.30 pm in the after 
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noon. Figure 4.16 depicts seedlings stages of canola and oats crops after 4-5 weeks of crop 
establishment.  
The numbers of canola and oats seedlings were also counted from a sample of a 1 m2 quadrant 
from the centre of the plot. Figure 4.16 presents seedling emergencies of canola and oats 
crops at 4-5 weeks after sowing in the 2007 field experiments at (WWSP). 
When the number of seedlings recorded in the control and the highest biosolids receiving 
plots were compared, there was a significant (p < 0.05) difference in the percentage of canola 
seedlings due to dewatered and composted biosolids application. Dewatered biosolids and 
composted biosolids loading rates had a significant (p < 0.001) effect in changing the soil 
temperature from 6.2 control plot to 8.3 0C (65 t/ha plot) for dewatered and from 5.6 control 
plot to 8.2 0C (70 t/ha plot) for composted biosolids treated canola plots (Fig. 4. 17). 
Several researchers reported different temperature ranges for canola seed to germinate and 
emphasized the significance of temperature on canola seedlings germination; for instance 
Thomas (1984) reported the optimum germination temperature for canola was 10-300C and 
Kondra et al. (1983) suggested 15-20 0C. 
In this study, incorporation of dewatered and composted biosolids into the soil significantly 
increased the soil temperature which had a positive impact on the germination of canola 
seedlings. 
The fact that cold temperatures have negative impact on canola seedlings germination was 
also reported by several researchers in which case spring canola seeded into sub optimal soil 
temperatures had lower emergence and stand establishment rates due to the seed rotting in the 
cold soils (Blackshaw, 1991; Kondra et al., 1983; Livingston and deJong, 1990).  
The importance of temperature for germination of canola seedlings was also emphasized by 
Morrison et al. (1989) where 5 0C was reported as the base temperature (below which little 
significant plant growth occurs) in a controlled environment. 
The number of canola seedling germinated per metre square in the control plots were 37 % 
whereas for the highest dewatered and composted biosolids treated canola plots were 91 and 
83 % respectively. There was also a positive correlation between the number of canola 
seedlings/m2 and dewatered and composted biosolids application rates (r = 0.77*, r = 0.72**,) 
for dewatered and composted biosolids treated canola plots respectively (Fig. 4.17).  
Qasim et al. (2001) investigated the effect of sewage sludge (0, 10 20, 30 40 and 50 t/ha dry 
wt.), NPK (120:90:30 kg/ha) application rates on the growth of maize crop and found that the 
lowest germination percentage was found in the control and the highest application rates (50 
t/ha) sludge amendments. 
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Joanna and Wester (2004) conducted a two years green house and field experiments  to 
investigate the effect of applying 34 t/ha biosolids on soil water, soil temperature, and 
seedling emergence and growth of blue grama (Bouteloua gracilis) and green sprangletop 
(Leptochloa dubia) in a Chihuahuan desert grassland. Biosolids usually increased minimum 
and reduced maximum temperatures. Biosolids also generally reduced soil water loss. They 
concluded that when environmental conditions are neither extremely unfavorable nor 
extremely favorable, the presence of surface-applied biosolids and the resulting reduction in 
soil water evaporation and moderation of soil temperature extremes may provide conditions 
conducive for successful emergence. 
Giuseppe and Giovanni (1993) investigated the effect of digested sewage sludge application 
at a rate of 0.5, 1 and 2 kg/m2 and commercial fertilizer on the germination and yield of peas 
and broad bean under field condition. They reported that relative to the control plots the 
presence of sludges in the soil improved germination and yield of both species to the same 
extent as did the fertilizer. The use of sludge improved the total production of both species 
above that of both the control and the fertilizer tests. 
Murillo et al. (1995) evaluated the effect of two urban composts on germination of ryegrass 
and sunflower and seedling performances in pot experiment. From their findings concluded 
that compared with the control, coarse matured urban compost treatments (100 %) increased 
the germination index of the crops as a result of enhanced root development.  
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Figure 4.16 Canola and oats crops seedlings at  4-5 weeks after sowing in the 2007 field 
experiments at Western Water Surbiton Park ( WWSP) 
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Given the research in the literature, it is likely that, in this study, dewatered biosolids and 
composted biosolids application rates changed the heat capacity of the soil as evidenced by 
the significant changes in soil temperature observed, creating favourable conditions for canola 
seeds to geminate effectively (Appendix E Table E-1). 
 
Oat crop 
 
For oats treated with dewatered biosolids and composted biosolids plots, biosolids loadings 
had no significant effect on seed germinations. Germination of oats can occur at 3-5 0C, an 
indication they can tolerate early season cold temperatures.  Oats perform best in a cool and 
moist climate since they require more moisture to yield a given unit of dry matter than any 
other cereal except rice (Welch, 1995). 
The percentages of oats seedlings germinated were uniform as biosolids loading rates 
increased. However, significant differences (p < 0.01) between the percent seedlings 
germinated in dewatered biosolids and composted biosolids treated oat plots were observed, 
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Figure 4.17 Effect of dewatered biosolids and composted biosolids application rates on soil 
temperature and canola seed germination, in the 2007 field experiment.  
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with the dewatered biosolids treated plots having a slightly higher germination percentage 
than composted biosolids treated plots (data not shown). 
 
4.7. The impact of biosolids application on N, P, S and oil 
concentrations in canola seed. 
 
Canola seed samples taken from the various dewatered biosolids and composted biosolids 
treated plots in 2006 were analysed for N, P, S and oil concentrations (Table 4.6). The results 
show that N, P and S in canola seed increased following both types of biosolids applications. 
When the control plots and the highest dewatered biosolids receiving plots were compared, 
Kjeldahl N increased from 2.9 to 4.16 %, total P increased from 6200 to 9100 µg/g and total S 
increased from 3400 to 4600 µg/g respectively.  
Despite significant increases in the quantity of canola seed observed due to biosolids 
applications, canola seed oil concentration decreased from 46.5 ( control plot) to 37.2 % ( 65 
t/ha plot) following dewatered biosolids applications.  
A relatively similar trend was also observed for canola seed obtained from composted 
biosolids treated plots in which case Kjeldahl N increased from 2.9 to 3.2 %, total P increased 
from 6200 to 8900 µg/g, total S increased from 3400 to 3800 µg/g respectively, but, seed oil 
concentration decreased from 46.5 to 43.4 % in response to composted biosolids applications 
(Table 4.6). 
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Dewatered biosolids had greater effect in changing the levels of N, S and oil concentrations 
than composted biosolids; this was expected since dewatered biosolids had significantly 
higher concentrations of total N and total S than composted biosolids at the beginning of the 
study. Despite higher levels of P in composted biosolids than in dewatered biosolids, higher 
levels of P in canola seeds treated with dewatered biosolids was observed indicating that P 
contained in dewatered biosolids was more bioavailable than the P in composted biosolids. 
Increases in biosolids application rates increased N in canola seed but decreased seed oil 
concentration showing an inverse relationship. Likewise, Brennan et al. (2000) observed a 
negative correlation between canola seed oil concentrations and protein content following 
nitrogen application rates. Similar findings were also reported by Pritchard et al. (2000) and 
Norton (1993) where a strong inverse relationship between canola seed oil concentration and 
seed protein content were noted under Wimmera conditions in Victoria. 
However, the decrease in seed oil concentration was compensated by increases in the quantity 
of oil yields due to increasing seed yield as application rates were increased. 
 
 
 
Table 4.6 The impact of biosolids application on N, P, S and oil 
concentrations in canola seeds in 2006 field experiment 
                                      Effect of dewatered biosolids 
Rates ( ds t/ha ) TN (%) P µg/g S µg/g Oil (%) 
0 2.91 6200 3400 46.5 
5 3.08 7800 3400 45.2 
25 3.47 8600 4200 42.2 
45 3.60 8300 4200 41.9 
65 4.16 9100 4600 37.2 
Fertilized plots 3.19 5600 3900 43.9 
                                     Effect of  Composted biosolids 
Rates ( ds t/ha ) TN (%) P µg/g S µg/g Oil (%) 
0 2.91 6200 3400 46.5 
10 2.97 8600 3200 45.4 
30 2.81 8200 3200 47.5 
50 3.13 8900 3800 44.5 
70 3.22 8700 3800 43.4 
Fertilized plots 3.19 5600 3900 43.9 
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4.8. Conclusion 
 
Incorporation of biosolids into crop land significantly increased the seed and plant biomass 
yields of both canola and oats. Although the conventionally fertilizers were applied at 
recommended rate, it may not be optimal for the specific site conditions. Thus, the increase in 
yield and yield components of both crops due to biosolids application surpassed that of 
conventionally fertilized control plots.  These increases in the yield components significantly 
contributed to the total seed and biomass yields increments of both crops. Canola seed yields 
were optimum at 25 t/ha dewatered and at 30 t/ha composted biosolids loading rates in the 
2006 biosolids application rates,  whereas, the optimum oats seed yield in the 2006 trial were 
recorded at the 25 t/ha dewatered and 50 t/ha composted biosolids rates, respectively. 
In the 2007 trial, the optimum canola seed yield were recorded at the 45 t/ha dewatered and 
50 t/ha composted biosolids rates, respectively. The optimum dewatered and composted 
biosolids rates in 2007 were shifted (increased) for both biosolids types, and this was not 
expected, however such increases in the optimum biosolids rates might be due to inter 
seasonal variations in the response of the two crops to biosolids nutrients.  
Though the yields obtained at the higher 65 t/ha and 70 t/ha dewatered biosolids and 
composted biosolids rates seem slightly higher than the other loading rates, they were not 
significantly different from the optimum dewatered biosolids and composted biosolids 
application rates. 
 The response of canola to the application of biosolids in terms of yield and yield components 
was greater than oats crops for dewatered biosolids and composted biosolids in both years of 
the experiments. Since the dewatered biosolids had significantly higher concentrations of 
total-N, NH4-N, S, Cu and Zn, as expected the influence of dewatered biosolids on canola 
grain yield was higher than composted biosolids, although, yield responses of oats to both 
biosolids types were not significantly different. 
The highest canola seed yields recorded in the 65 t/ha dewatered biosolids rate in the 2006 
experiment were not significantly different from the highest 2007  canola seed yield observed 
at the 45 t/ha dewatered biosolids rate. 
From the findings of this study, it can be suggested that the two biosolids types had different 
physical properties and nutrient compositions and behaviours, and thus the relevance and 
assumption of using NLBAR (nitrogen limited biosolids application rate) will not be valid for 
all types of biosolids products, moreover nutrient release properties of the two biosolids could 
be different and possibly depends on other environmental factors including temperature, 
moisture, crop and soil types. Therefore, it is suggested that biosolids application should take 
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into account the soil and biosolids type and the specific site characteristics of the area 
receiving the biosolids. 
Biosolids application rates had significant effect on the number of canola seedlings 
germinated, but the response of oats to biosolids loadings in terms of seedlings germination 
were not significant. In this study, there is clear evidence that the application of biosolids 
significantly affected the soil temperature and hence canola seed germination; nevertheless, 
this needs further investigation. 
In this study, biosolids applications increased the concentrations of total N, P and S in canola 
seed oil; however canola seed oil concentration was decreased as biosolids application rates 
increased and was negatively correlated with levels of total N in canola seed; nevertheless, the 
significant increase in seed yield due to biosolids nitrogen compensates for any decrease in oil 
concentration.  
Depending on the growing season, seed oil concentration of Australia canola fluctuates from 
less than 35% to over 45%. On the basis of a bonification scheme, Eastern Australian farmers 
are paid for their canola crop, which provides a bonus of 1.5% for every percentage point 
above 40% oil, on as received moisture content. For a crop with 46% oil, the farmer would be 
paid a 9% bonus for a crop with 46 % oil content (Mailer et. al., 1998). 
 Although canola seed oil content vary from year to year depending on climatic conditions, 
the higher rainfall areas in Victoria and southern New South Wales generally produce the 
highest oil contents. Due to the lower canola seed oil content in northern areas of Western 
Australia and New South Wales are a problem which prevents the expansion of the crop to the 
north (Mailer et. al., 1998). 
Although the addition of both biosolids type expected to produce slightly higher oil yields, 
more N loading had negatively impacted the quality of canola seed oil , dewatered biosolids 
rates at 5 t/ha and composted biosolids rates at 50 t/ha produced the highest canola seed oil 
content (45.2 and 47.5 %), respectively, and thus these application rates would be ideal for 
farmers who need to maximize the oil content to benefit from the bonification scheme. 
The study has clearly indicated that biosolids applications had significant agronomic benefits. 
However, protecting the environment and human health from the build up of excess heavy 
metals in biosolids amended soil and plants is crucially important. This is addressed in the 
next chapter. 
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CHAPTER 5. BIOAVAILABILITY AND ACCUMULATION 
OF HEAVY METALS IN PLANTS AND IN BIOSOLIDS 
AMENDED SOIL 
 
 
Introduction 
 
Although total heavy metal concentration provides little indication of the specific bioavailabi 
lity, mobility, and reactivity in biosolids amended soil, total concentration of heavy metals is 
an essential indicator of soil deficiency and/or contamination.  Evaluation of total heavy metal 
levels may also be used as a measure for global index of contamination (Alva et al., 2000; 
McLaughlin et al., 2000; Walter et al., 2002). 
The DTPA soil test has been developed to assess pollution (as opposed to contamination) of 
soil by heavy metals (Clayton and Tiller, 1979). The DTPA extraction procedure provides 
information about metal solubility and tends to correlate with metal uptake by plants usually 
in conventionally fertilized plots (Bidwell and Dowdy, 1987; Sommers et al., 1991; Hooda 
and Alloway, 1994). Hence, DTPA-extractable Cu, Zn, Mn, Fe and Ni can be used as an 
indicator of bioavailability and potential toxicity of these heavy metals (Soltanpour, 1991). 
Metals extracted by DTPA mainly exist in exchangeable, organically complexed and 
carbonate forms as discussed in section 2.6.3.  
Although Cadmium is a key element in sludge and a major concern in Australia due to the 
increased uptake of this element from saline soils, the cadmium concentrations in the 
dewatered biosolids and composted biosolids used in this plot trial was very low and below 
detection limits which is consistent with Western water’s report and hence was not considered 
in this experimental study. 
The combined analysis of the total and bioavailable fractions of heavy metals in a biosolids 
amended soil would help to understand the behaviour, mobility and accumulations in the soil, 
hence, this study has given a considerable emphasis to the residuals of Cu, Zn, Mn, Fe, Ni and 
Pb both in the biosolids amended soil and plants grown  on them. 
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This chapter reports an investigation into the effect of various biosolids application rates on 
soil pH, EC and heavy metal availability hence plant uptake of heavy metals under a canola 
and oats crop rotation regime. It also describes the effect of cropping sequence on the levels 
of heavy metals residues accumulated following dewatered and composted biosolids 
applications over the two years period of time. 
Total heavy metal concentrations in biosolids amended soil were determined using XRF, 
whereas the bioavailable fractions were extracted by the DTPA procedure as described in 
section 3.6 and quantified using ICP-MS. Heavy metals in plants were extracted using 
HNO3/H2O2 as described in section 3.7  and analysed by ICP-MS. 
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5.1. The effect of biosolids applications on XRF determined total heavy 
metals  
 
The XRF procedure was chosen for total heavy metals analysis in soil and biosolids samples, 
because of its simplicity of sample preparation, speed and ease of operation as well as high 
precision of the instrument. The results presented in Appendix B also showed that XRF gave 
a much better estimate of total metals than ICPMS for these types of samples (Appendix B 
Section B.5). 
To examine the impacts of different biosolids types and application rates on the levels of total 
heavy metal residues accumulated, 30 soil cores per plot at 0-10 cm depth were taken to make 
one composite sample and hence a total of 72 samples were taken from the 72 dewatered and 
composted biosolids amended plots. Samples were taken in November after each year’s (2006 
and 2007) crop harvest. Total heavy metal values were determined and compared across the 
application rates and between biosolids types. The effect of repeated applications of 
dewatered and composted biosolids was also evaluated and results of the quantitative changes 
in heavy metal concentrations in biosolids amended soil are presented below. 
 
Comparison of total metals in soil and biosolids 
 
The XRF results for total metals in the soil and biosolids at the beginning of 2006 is shown in 
Appendix B Table B.7. Here it can be seen that dewatered biosolids had significantly higher 
concentrations of total Cu and Zn than composted biosolids, whereas the concentration of Pb 
in composted biosolids was higher than the levels found in either the soil or the dewatered 
biosolids. However, the soil background concentrations of Mn and Ni were relatively similar 
with the levels found in both biosolids types. The amount of Fe in the soil and composted 
biosolids was similar and lower in the dewatered biosolids.  It is expected that total Cu and Zn 
would accumulate noticeably with each application rate whereas there should be little 
difference in Mn, Ni or Fe. A possible decrease in Fe might be expected with the application 
of dewatered biosolids. Lead should increase slightly with the application of biosolids. 
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Table 5.1 XRF determined concentrations of total heavy metals in dewatered 
biosolids amended soil in canola plots in 2006 and 2007 (mg/kg). 
Concentrations of total metals in dewatered biosolids amended soil in canola plots, 
2006 
Biosolids rates (t/ha) Cu Zn Ni 
0 14 ± 2 30 ± 1 26 ± 1 
5 15 ± 1 33 ± 1 25 ± 3 
25 19 ± 1 37 ± 1 25 ± 1 
45 26 ± 3 51 ± 4 27 ± 2 
65 30 ± 2 55 ± 1 29 ± 3 
Fertilized  16 ± 1 30 ± 1 25 ± 3 
LSD 0.05 3.1*** 3.8*** ns 
Concentrations of total metals in dewatered biosolids amended soil in canola plots, 
2007 
Biosolids rates (t/ha) Cu Zn Ni 
0 19 ± 1 40.1 ± 0.3 35.0 ± 0.1 
5 23 ± 1 45 ± 3 36 ± 2 
25 33 ± 3 63 ± 7 36 ± 4 
45 43 ± 4 74 ± 6 37 ± 2 
65 45 ± 5 82 ± 8 34  ± 1 
Fertilized 20 ± 3 41 ± 4 36 ± 2 
LSD 0.05 6.6*** 11.5*** ns 
The superscripts ***,  * and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.001,  
p < 0.05 and not significant respectively, LSD 0.05 stands for least significant difference (t-test) 
between mean values at p < 0.05 level. Values indicate means ± standard deviations of triplicate 
measurements (n = 3). 
 
 
Total metal residues following application of dewatered biosolids 
 
The effect of incorporating dewatered biosolids on the levels of total heavy metal residues in 
canola and oats plots is shown in Tables 5.1 and 5.2 below, and Table 5.3 summarizes the 
percentage changes in total metal levels due to dewatered biosolids applications 
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Table 5.2 XRF determined concentrations of total heavy metals in dewatered 
biosolids amended soil in oats plots in 2006 and 2007 expressed in mg/kg 
Concentrations of total metals in  dewatered  biosolids amended soil in oats 
plots, 2006 
Biosolids rates (t/ha) Cu Zn Ni 
0 14 ± 1 31 ± 1 24  ± 1 
5 15 ± 3 32 ± 2 25 ± 4 
25 21 ± 3 42 ± 7 25 ± 2 
45 25 ± 2 46 ± 2 28 ± 2 
65 25 ± 1 47 ± 5 25 ± 5 
F 15 ± 2 31 ± 1 25 ± 2 
LSD 0.05 4.14*** 8.3** ns 
Concentrations of total metals in dewatered biosolids amended oats plots, 2007 
Biosolids rates (t/ha) Cu Zn Ni 
0 18 ±  2 37 ± 1 36 ± 2 
5 23 ± 2 46 ± 4 37 ± 3 
25 30 ± 4 59 ± 8 35 ± 2 
45 47 ± 2 88 ± 3 38.2 ± 0.1 
65 49 ± 7 90 ± 9 37 ± 2 
Fertilized 19 ± 3 39 ± 3 37 ± 2 
LSD 0.05 7.2*** 11*** ns 
The superscripts ***,  * and ns refers to significant treatment effects in ANOVA (F-test) at p < 
0.001,  p < 0.05 and not significant respectively, LSD 0.05 stands for least significant difference 
(t-test) between mean values at p < 0.05 level. Values indicate means ± standard deviations of 
triplicate measurements (n = 3). 
Table 5.3 Changes in XRF determined total soil heavy metals in dewatered biosolids 
amended canola and oats plots in 2006 and 2007 experiments (mg/kg). 
Dewatered biosolids treated canola plots Dewatered biosolids treated oats plots 
Heavy 
metals 
Unamended 
plot   
Amended 
at 65 t/ha  
Increases 
(in %) 
Unamended 
plot 
Amended at 
65 t/ha 
Increase
s (in %) 
Cu Yr 1 14 30 114 14 25 79 
      Yr 2 19 45 137 18 49 172 
Zn  Yr 1 30 55 83 31 47 52 
      Yr 2 40 82 105 37 90 143 
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Year 1 
 
In the 2006 experiment, at the highest dewatered biosolids receiving canola plots, biosolids 
application significantly increased the concentration of total heavy metals by 114 % for Cu 
and 83 % for Zn respectively (Table 5.3). As dewatered biosolids application rates increased, 
Cu and Zn  levels in the amended soil showed  linear increase with coefficient of 
determination values R2 = 0.99 and R2 =0.96, respectively ( Table 5.4), however Ni levels 
were not significantly different from the unamended control plots. 
Similarly, in the oats plots, 79% and 52% increase in Cu and Zn  following dewatered 
biosolids applications were observed with coefficient of determination values of R2 = 0.90,  
R2 = 0.90 and R2 = 0.95, respectively but there was no significant changes in Ni 
concentrations (Table 5.3 and 5.4). 
 
Year 2 
 
In 2007 experiment, compared with the unamended control plots, biosolids applications 
increased the level of total Cu and Zn by 137 and 105 % at the 65 t/ha dewatered biosolids 
treated canola plots. Concentration of Cu and Zn values in canola plots showed increasing 
trend with R2 = 0.95 and R2 = 0.97 respectively but Ni levels did not significantly change 
compared with the control plots (Table 5.3 and 5.4 and Appendix C).   
Increases in Cu and Zn residuals in 2007 take into account the combined effect of the two 
years repeated dewatered biosolids applications. 
In the oat plots, the changes were even greater with Cu and Zn levels increasing by 172 and 
143 %, respectively.  Concentrations of Cu and Zn in dewatered biosolids amended oats plots 
showed linear increases with R2 = 0.95 and R2 = 0.94 respectively (Table 5.3 and 5.4).   
Significant differences (p < 0.05) in the mean Cu and Zn values between the two years 
experiment were also observed indicating that repeated dewatered biosolids applications had 
significant effect in changing total Cu and Zn levels in biosolids amended soil. 
 
Regression of residual concentration against application rates 
 
The impact of loading various biosolids application rates on heavy metals residues was 
quantified using regression analysis of the 2006 and 2007 data and presented in Table 5.4.  
The analysis showed that in the 2006 experiment a one tonne application of dewatered 
biosolids increased the level of Cu and Zn on average by 0.25 and 0.40 mg/kg in canola plots 
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and by 0.18 and 0.26 mg/kg in oats plots respectively, whereas in the 2007 experiment after 
repeated applications, loading one tonne of dewatered biosolids resulted in increases of Cu 
and Zn values by 0.20 and 0.32 mg/kg in canola plots and by 0.25 and 0.43 mg/kg in oats 
plots, respectively. The increase in the residuals of Cu and Zn in oats plots following 
dewatered biosolids application was greater than the observed increments in canola plots. The 
2007 data on concentrations of Cu and Zn residuals indicates the combined effect of two years 
successive application of the biosolids. 
 
 
Effect of composted biosolids applications on XRF total heavy metals 
 
The influence of composted biosolids applications on the concentrations of total heavy metals 
residue remained in the amended soil is shown in Table 5.5 and 5.6) 
 
Year 1 
 
When the control and the highest composted biosolids application rate (70 t/ha) were 
compared, total soil Cu and Zn, values in the 2006 composted biosolids treated canola plots 
increased significantly by 61 and 79 %, respectively, whereas, in the oats plots treated with 
composted biosolids, Cu and Zn values  increased by 100 and 139 %, respectively (Table 5.5 
and 5.6).  
 
 
Table 5.4 The impact of dewatered biosolids application rates on the level of total Cu and 
Zn, in amended soils for samples taken from canola and oats plots in 2006 and 2007 field 
experiments, a regression analysis. 
Amended soil from Canola plots Amended soil from oats plots Analytes 
Intercept Regression 
coefficients 
R2 Intercept Regression 
coefficients 
R2 
Cu 2006 13.7*** 0.25*** 0.99 14.8** 0.18* 0.90 
      2007 21** 0.20** 0.95 19.4** 0.25** 0.95 
Zn 2006 30*** 0.40** 0.96 32*** 0.26* 0.90 
     2007 43*** 0.32** 0.97 40** 0.43** 0.94 
 
The estimated values for the intercept and regression coefficients were tested whether the values were 
statistically different from zero or not, thus the superscripts *, **, *** and ns refer to significant levels (t-test) 
for the intercepts and regression coefficients at p < 0.05, p < 0.01, p < 0.001 and not significant respectively. 
The 2007 regression coefficients for Cu and Zn take into account the residuals remaining in the soil after two 
years successive application of dewatered biosolids. The mean values of triplicate measurements were plotted 
against application rates. 
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Year 2 
 
Likewise, in the second year of the experiment, repeated application of composted biosolids 
in canola plots increased the concentration of total soil Cu and Zn by 153 and 195 % while in 
the oats plots Cu and Zn values showed a 240 and 334 % increases  respectively (Table 5.5 
and 5.6).  
 
 
 
 
 
 
 
 
 
Table 5.5 XRF determined concentrations of total heavy metals in composted biosolids 
amended soil in canola plots in 2006 and 2007 expressed in mg/kg 
Concentrations of total metals in  composted  biosolids amended soil in canola plots, 2006 
Biosolids rates (t/ha) Cu Zn Ni 
0 15 ± 2 33 ± 1 25.7 ± 0.1 
10 15 ± 3 34 ± 4 25.3 ± 0.5 
30 18 ± 2 44 ± 4 24.0 ± 0.6 
50 23.6 ± 0.3 55 ± 4 24.4 ± 0.3 
70 24.2 ± 0.5 59 ± 2 25 ± 1 
Fertilized 14 ± 1 30 ± 1 25.0 ± 0.4 
LSD 0.05 3.14*** 7*** 1.1* 
Concentrations of total metals in  composted  biosolids amended soil in canola plots, 2007 
Biosolids rates (t/ha) Cu Zn Ni 
0 19 ± 1 41 ± 2 34 ± 1 
10 22 ± 5 51 ± 8 34 ± 3 
30 30 ± 2 71 ± 4 34 ± 1 
50 40 ± 2 98 ± 4 37.0 ± 0.3 
70 48 ± 3 121 ± 4 36 ± 2 
Fertilized 19 ± 3 40 ± 1 34 ± 2 
LSD 0.05 5.8*** 9.8*** ns 
The superscripts ***,  * and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.001,  p < 
0.05 and not significant respectively, LSD 0.05 stands for least significant difference (t-test) between mean 
values at p < 0.05 level. Values indicate means ± standard deviations of triplicate measurements (n = 3). 
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Table 5.6 XRF determined concentrations of total heavy metals in composted biosolids 
amended soil in oats plots in 2006 and 2007 (mg/kg). 
Concentrations of total metals in composted biosolids amended soil in oats plots, 2006 
Biosolids rates (t/ha) Cu Zn Ni 
0 17 ± 3 38 ± 3 29 ± 6 
10 19 ± 1 44 ± 2 30 ± 5 
30 24 ± 3 60 ± 13 30 ± 6 
50 28 ± 3 73 ± 15 32 ± 5 
70 34 ± 8  91 ± 24 30 ± 6 
Fertilized 16 ± 4 36 ± 5 29 ± 6 
LSD 0.05 5.8*** 22*** ns 
Concentrations of total metals in composted biosolids amended soil in oats plots, 2007 
Biosolids rates (t/ha) Cu Zn Ni 
0 15 ± 1 32 ± 3 25 ± 1 
10 21 ± 2 52 ± 2 36 ± 1 
30 30 ± 1 71 ± 8 34 ± 1 
50 42 ± 1 112 ± 3 35 ± 1 
70 51 ± 1 139 ± 5 36 ± 1 
Fertilized 18 ± 1 38 ± 1 34.0± 0.3 
LSD 0.05 2.0*** 9.9*** 2*** 
The superscripts ***,  * and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.001,  p < 
0.05 and not significant respectively, LSD 0.05 stands for least significant difference (t-test) between mean 
values at p < 0.05 level. Values indicate means ± standard deviations of triplicate measurements (n = 3). 
Table 5.7 Changes in XRF determined total soil heavy metals in composted biosolids 
amended canola and oats plots in 2006 and 2007 experiments.  
Composted biosolids treated canola plots Composted biosolids treated oats plots 
Heavy 
metals 
Unamended 
plot (mg/kg) 
Amende
d at 65 
t/ha  
Increase 
(in %) 
Unamended 
plot 
Amended at 
65 t/ha 
Increase 
(in %) 
Cu Yr 1 15 24 61 17 34 100 
      Yr 2 19 48 153 15 51 240 
Zn  Yr 1 33 59 79 38 91 139 
      Yr 2 41 121 195 32 139 334 
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Regression of residual concentration against application rates 
 
Total heavy metal analytical data generated from the 2006 and 2007 composted biosolids 
treated experiments were also subjected to regression analysis and results of the 2006 
experiments showed that a one tonne application of composted biosolids in the canola plots 
increased the concentration of total soil Cu and Zn by 0.15 and 0.40 mg/kg respectively 
(Table 5.8). Similarly, Cu and Zn values in the oats plots increased by 0.24 and 0.75 mg/kg 
due to a one tonne application of composted biosolids.  
In 2007, after repeated application, a one tonne of composted biosolids loading increased the 
levels of Cu and Zn residuals in canola plots by 0.21 and 0.58 mg/kg, whereas Cu and levels 
in oats plots increased by 0.26 and 0.76 mg/kg respectively (Table 5.8). 
 
 
 
For soil samples taken from oat plots treated with composted biosolids, the regression 
coefficients for Cu and Zn were significantly higher than the corresponding values for canola 
plots, indicating that greater concentrations of Cu and Zn residues were accumulated in the 
oats plots than in the canola plots. 
 
5.2.  DTPA extractable heavy metals 
 
After each year’s successive application of biosolids, the bioavailable fractions of heavy 
metals residues remained in dewatered and composted biosolids amended soils were extracted 
using DTPA procedure and quantified by ICP-MS.  
 
Table 5.8 The impact of composted biosolids application rates on the level of total Cu and 
Zn in amended soils samples taken from canola and oats plots in 2006 and 2007 
experiment, a regression analysis. 
Amended soil from Canola plots Amended soil from oats plots Analyte
s Intercept Regression 
coefficients 
R2 Intercept Regression 
coefficients 
R2 
Cu 2006 14** 0.15** 0.93 17*** 0.24*** 0.99 
     2007 18** 0.21*** 0.99 15*** 0.26*** 0.99 
Zn 2006 32*** 0.40** 0.97 37*** 0.75*** 0.99 
     2007 40*** 0.58*** 0.99 33*** 0.76*** 0.99 
The estimated values for the intercept and regression coefficients were tested whether the values were 
statistically different from zero or not, thus the superscripts *, **, *** and ns refer to significant levels  
(t-test) for the intercepts and regression coefficients at p < 0.05, p < 0.01, p < 0.001 and not significant 
respectively.  The 2007 regression coeffients for Cu and Zn take into account the residuals remaining in the 
soil after two years successive application of composted biosolids. 
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5.2.1. Analytical Quality assurance 
 
To validate the analytical data of the DTPA extractable metals, a multi element stock certified 
standard solution containing the heavy metals were analysed in duplicate for every ten 
samples and the percentage recovery was calculated.  
The measured and certified values of DTPA extractable heavy metals as described in Table 
6.9 below indicated that the recovery of the laboratory check sample (Multi-element stock 
ICP-MS solution) ranged between 99 % for Pb and 101 % for Fe, respectively. 
 
 
 
 
 
 
 
 
5.2.2.  DTPA extractable heavy metals in dewatered and composted 
biosolids amended soil 
 
At the beginning of the experiment, soil and dewatered biosolids and composted biosolids 
samples were analysed for DTPA extractable heavy metal concentrations. As shown in Table 
5.10, the levels of Cu, Zn, Mn and Ni in dewatered biosolids were significantly higher than 
the levels found in composted biosolids; however the concentrations of Fe and Pb in 
composted biosolids were slightly higher than those found in dewatered biosolids. For all of 
the metal concentrations, the soil background concentrations were lower than the biosolids. 
 
 
Table 5.9 Results of laboratory control samples (ICP-MS multi-element stock solution) 
analysed in duplicate for every 10 batch of biosolids amended soil samples to validate the 
data for DTPA extractable heavy metals. 
Analyses Cu Zn Mn Fe Co Ni Pb 
Measured 99.5 98 99 ± 1 9957 99 ± 1 98 ± 1 99 ± 1 
Certified 99 99 99 9900 99 99 99 
Recovery (%) 100 99 100 101 100 99 99 
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Effect of dewatered biosolids applications on DTPA extractable heavy metals  
 
Over the two years of the study, dewatered biosolids at all application rates significantly 
increased the bioavailable fractions of Cu, Zn, Mn and Fe levels in amended soils in which 
canola and oats were grown (Fig. 5.1 and 5.2).  
 
Year 1 
 
In the 2006 experiment, when the control and the highest (65 t/ha) biosolids receiving plots 
were compared, DTPA extractable Cu and Zn fractions increased by 275 % and 171 % in 
canola plots and by 221 % and 507 % in oats plots respectively.  
The concentrations of Mn and Fe fractions in the 2006 experiment increased by 39 % and 56 
% in canola plots and by 11% and 116 % in oats plots respectively. 
In the 2006 experiment, compared with the control plots, Co, Ni and Pb increased by 100%, 
16% and 36 % in canola plots and Ni and Pb increased by 21% and 57 % in oats plots, 
however Co levels in the 2006 oats plots were not significantly different from the control 
plots (Table 5.11).  
 
Year 2 
 
In 2007, reapplying biosolids the same rates as in 2006, Cu and Zn fractions at the 65 t/ha 
application rates increased by 3.5 and 11 folds  in canola plots and increased by 5 and 16 folds 
in oats plots compared with the control plots (Fig 5.1). 
Table 5.10 Results of concentrations of DTPA extractable heavy metals in soil, dewatered 
biosolids and composted biosolids (mg/kg).  
Analytes Soil Dewatered biosolids Composted biosolids 
                               Heavy metals extracted using DTPA and analysed by ICP-MS 
(mg/kg).    
Cu  1.1 ± 0.1 185 ± 32 22 ± 4 
Zn  0.9 ± 0.3 368 ± 3 271 ± 57 
Mn  12 ± 1 98 ± 3 28 ± 5 
Fe  82.00  ± 0.01 208 ± 3 270 ± 62 
Co  0.2 ± 0.02 0.70 ± 0.03 0.24 ±0.06 
Ni  0.94 ± 0.06 4.8 ± 0.3 1.6 ±  0.4 
Pb  0.54 ± 0.34 4.9 ± 0.01 9 ± 2 
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The levels of Cu and Zn in the 2007 biosolids amended canola and oats plots were 
significantly different (p < 0.05) from the levels found in the 2006 recordings. 
In the 2007 experiment, when Mn and Fe levels at the highest (65 t/ha) biosolids receiving 
canola plots were compared with their corresponding levels recorded in the 2006 canola plots, 
Mn and Fe levels increased by 73 % and 189 % respectively (Fig.5.1 and 5.2); whereas Mn 
and Fe levels in oats plots  increased by 63 %  and 130 % respectively ( Table 5.11). 
The results also showed that as dewatered biosolids application rates increased, extractable 
Cu, Zn, Mn and Fe also showed significant linear increments for both crops in both years of 
the experiment. Extractable heavy metal concentrations in the conventionally fertilized plots 
were not significantly different from the control plots (Fig. 5.1 and 5.2). 
Biosolids loading rates had significant effect in increasing the DTPA extractable Co, Ni and 
Pb in amended soil in both canola and oats plots during the two years period of study, with the 
exception of Co in 2006 oats plots and Pb in 2007 canola plots which were not significantly 
different from the control plots (Fig.5.3 and 5.4). 
DTPA extractable Co, Ni and Pb also showed upward trend following dewatered biosolids 
application rates in both years of the experiment. 
When the 2007 and 2006 results of the 65 t/ha biosolids treated plots were compared, the 
increase in Ni and Pb levels in 2007 was significantly higher than the levels recorded in 2006 
for both crops (Table 5.11).  
DTPA extractable Co, Ni and Pb also showed linear increments following biosolids 
application rates in both years of the experiment. 
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Figure 5.1 Effect of loading various dewatered biosolids application rates on DTPA 
extractable Cu and Zn concentrations in amended clay loam soils from canola and oat 
plots in 2006 and 2007 field experiments 
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Figure 5.2 Effect of loading various dewatered biosolids application rates on DTPA 
extractable Mn and Fe levels in amended clay loam soils from canola and oat plots in 
2006 and 2007 field experiments.  The error bars indicate standard deviations of triplicate 
measurements. LSD 0.05 refers to the least significant difference (t-test) between mean 
values at 5% probability level. Whereas, *,**,*** and ns refers to significant treatment 
effects in ANOVA (F-test) at p < 0.05, p < 0.01,p < 0.001 and not significant 
respectively(n = 3). 
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Figure 5.3 Effect of loading various dewatered biosolids application rates on DTPA 
extractable Co and Ni levels in amended clay loam soils from canola and oat plots in 2006 
and 2007 field experiments. The error bars indicate standard deviations of triplicate 
measurements. LSD 0.05 refers to the least significant difference (t-test) between mean 
values at 5 % probability level. Whereas, *,**,*** and ns refers to significant treatment 
effects in ANOVA (F-test) at p < 0.05, p < 0.01, p < 0.001 and not significant respectively 
(n = 3). 
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Figure 5.4 Effect of loading various dewatered biosolids application rates on DTPA 
extractable Pb levels in amended clay loam soils from canola and oat plots in 2006 and 
2007 field experiments. The error bars indicate standard deviations of triplicate 
measurements, whereas The LSD 0.05 refers to the least significant difference (t-test) 
between mean values at 5 % probability level, whereas, *,**,*** and ns refers to 
significant treatment effects in ANOVA (F-test) at p < 0.05, p < 0.01, p < 0.001 and 
not significant respectively (n = 3). 
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Effect of composted biosolids applications on DTPA extractable heavy 
metals, Mn and Fe  
 
Year 1 
 
The response of DTPA extractable Cu, Zn, Fe and Pb in the 2006 canola plots was linear and 
increased following composted biosolids applications. The concentrations of Cu, Zn and Fe 
recorded at the highest composted biosolids treatment (70 t/ha) when compared with the 
control plot increased by 1.1, 7.0 and 1.7 fold, respectively, whereas Pb increased by 56 %. 
However, Co, Ni and Mn levels were not different from the control plots (Table 5.12).  
Likewise, in oats plots receiving composted biosolids in the 2006 experiment, Cu, Zn Fe, Co 
and Pb also showed linear response to increased rates of composted biosolids additions and 
the values increased by 2.8, 26, 1.6 fold for Cu, Zn and Fe respectively and Pb increased by 
96 %, but, Mn and Ni showed no significant increases (Fig. 5.5, 5.7 and 5.8). 
 
 
 
Table 5.11 Changes in DTPA extractable soil heavy metals in dewatered biosolids amended 
canola and oats plots in 2006 and 2007 experiments. 
Dewatered biosolids treated canola plots Dewatered biosolids treated oats plots 
Heavy 
metals 
Unamended 
plot 
(mg/kg) 
Amended 
at 65 t/ha 
(mg/kg) 
Changes 
relative to 
unamended 
plot (in %) 
Unamended 
plot 
Amended 
at 65 t/ha 
Changes 
relative to 
unamended 
plot 
(in %) 
Cu Yr 1 1.2 4.5 275 1.4 4.5 221 
      Yr 2 1.8 8.11 351 1.54 9.7 530 
Zn  Yr 1 3.5 9.5 171 1.5 9.1 507 
      Yr 2 1.1 13.9 1164 0.95 16.5 1637 
Mn Yr 1 23 32 39 28 31 11 
       Yr2 16 27.6 73 19.2 31.3 63 
Fe  Yr 1 66 103 56 67 145 116 
      Yr 2 46 133 189 79 182 130 
Co Yr 1 0.4 0.8 100 0.5 0.6 20 
      Yr 2 0.24 0.54 125 0.36 0.64 78 
Ni Yr 1 1.4 1.63 16 1.2 1.45 21 
      Yr 2 1.02 1.5 47 1.23 1.79 46 
Pb Yr 1 0.77 1.05 36 0.7 1.1 57 
      Y 2 0.09 1.0 900 0.7 1.79 156 
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Year 2 
 
Similarly, in 2007, DTPA extractable Cu, Zn and Pb values in canola plots showed a linear 
response to composted biosolids treatments and increased by 1.5, 9.0 and 1.4 folds 
respectively, whereas, Fe increased by 65%. Mn and Ni were not significantly different from 
the control plots.  
In the same way, Cu, Zn, Fe and Pb in oats plots displayed a linear trend as composted 
biosolids rates increased; however, the increase in Mn, Co and Ni were not significant (Fig. 
5.5, 5.7 and 5.8). 
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Figure 5.5 Effect of loading various composted biosolids application rates on DTPA 
extractable Cu and Zn levels in amended clay loam soils from canola and oat plots in 
2006 and 2007 field experiments.  The error bars indicate standard deviations of 
triplicate measurements. LSD 0.05 refers to the least significant difference (t-test) 
between mean values at 5 % probability level. Whereas, *,**,*** and ns refers to 
significant treatment effects in ANOVA (F-test) at p < 0.05, p <0 .01, p < 0.001 and not 
significant respectively (n = 3). 
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Figure 5.6 Effect of loading various composted biosolids application rates on DTPA 
extractable Mn and Fe levels in amended clay loam soils from canola and oat plots in 
2006 and 2007 field experiments.  The error bars indicate standard deviations of triplicate 
measurements. LSD 0.05 refers to the least significant difference (t-test) between mean 
values at 5 % probability level. Whereas, *,**,*** and ns refers to significant treatment 
effects in ANOVA (F-test) at p < 0.05, p <0 .01, p < 0.001 and not significant respectively 
(n = 3). 
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Figure 5.7 Effect of loading various composted biosolids application rates on DTPA 
extractable Co and Ni levels in amended clay loam soils from canola and oat plots in 
2006 and 2007 field experiments.  The error bars indicate standard deviations of triplicate 
measurements. 
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Figure 5.8 Effect of loading various composted biosolids application rates on DTPA 
extractable Pb levels in amended clay loam soils from canola and oats plots in 2006 and 
2007 field experiments.  
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Discussion 
 
In both years of the experiment increases in total soil Cu and Zn levels following dewatered 
biosolids and composted biosolids application rates were observed. Likewise,  increases in 
total heavy metal levels due to biosolids applications was  reported by Walter et al. (2002) 
using 50 and 100 t dry solids/ha anaerobically digested biosolids from two different waste 
treatment plants containing high levels of heavy metals. It was reported that biosolids 
application significantly (p < 0.05) increased the total concentrations of heavy metals, with 
the exception of Ni in the low biosolids treatments. Similarly, Mantovi et al. (2005) also 
evaluated the effect of 5 and 10 t dry solids/ha sewage sludge application on soil and crops 
(Wheat and maze) and reported that sewage sludge application lowered soil pH and increased 
the total Cu and Zn levels in the soil. 
The levels of Cu and Zn recorded in oats plots treated with composted biosolids were higher 
than those found in canola plots in both years of the experiments. This indirectly indicates that 
canola may have extracted more biosolids Cu and Zn than oats. 
In this study, the dewatered biosolids used at the beginning of the experiment had high 
concentrations of both total and DTPA extractable Cu, Zn, Mn, and Pb, hence significant 
levels of the metals were transferred from the biosolids to the soil.  
 
Table 5.12 Changes in DTPA extractable soil heavy metals in composted biosolids 
amended canola and oat plots in 2006 and 2007 experiments.  
Composted biosolids treated canola plots Composted biosolids treated oats 
plots 
Heavy 
metals 
Unamended 
plot 
(mg/kg) 
Amended 
at 65 t/ha 
(mg/kg) 
Changes 
relative to 
unamended  
plot (in %) 
Unamended 
plot 
Amended 
at 65 t/ha 
Changes 
relative to 
unamended  
plot (in %) 
Cu Yr 1 1.1 2.3 109 0.9 3.4 278 
      Yr 2 1.4 3.6 157 1.4 3.4 143 
Zn  Yr 1 1.2 9.9 725 0.7 18.7 2571 
      Yr 2 2.0 20 900 0.5 23.7 4640 
Mn Yr 1 24 25 4 23 25 9 
       Yr2 14 19 36 17 23 35 
Fe  Yr 1 46 123 167 40 102 155 
      Yr 2 46 76 65 51 154 202 
      Yr 2 0.9 1.0 11 1.21 1.14 -6 
Pb Yr 1 0.7 1.1 57 0.7 1.5 114 
      Y 2 0.9 2.2 144 0.6 1.9 217 
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In addition to this, the increase in the DTPA extractable fractions of metals in the biosolids 
amended soil could possibly be attributed due to the decrease in the pH of the soil following 
biosolids application and the solubility of the metal complexes from biosolids organic matter 
which in both cases resulted in the release of metals in soil and hence increasing the DTPA 
extractable pools.  
The total concentration of Fe recorded in the background soil was higher than the levels found 
in the dewatered biosolids and composted biosolids, but, DTPA extractable Fe concentration 
in composted biosolids and dewatered biosolids was approximately 3 folds higher than the 
level of Fe found in the background soil and hence, as expected, Fe levels in biosolids 
amended soil increased as biosolids loading rates increased. 
Sewage sludge properties on sludge-borne metal availability have a significant impact on 
metal availability in soil. The potential for metal release from sludges mainly depends upon 
sludge compositional factors (Merrington and McLaughlin, 2003). 
In some instances Organic matter in sludges may bind metals; however such binding process 
could possibly be offset by the formation of soluble organo-metal complexes and the loss of 
complexation capacity through organic matter degradation (Karapanagiotis et al., 1991). 
Thus, during ageing and organic matter decomposition, metals bound in humic substances, 
biomass and noncrystalline materials will presumably be released into the soil solution soil 
(Baldwin et al., 1983; Martinez et al., 2001). Because of microbial degradation of organic 
matter, organic binding sites are lost which would result in sludge borne metals becomming 
increasingly available (Hooda and Alloway 1994) and hence organic matter degradation is 
considered as one possible reason for the release of metals in sewage sludge amended soil 
(McBride, 1995; Sadovnikova et al., 1996). 
Results of this study have shown that pH of the biosolids and soluble metals complexes 
contained in biosolids organic matter had a significant impact on metals solubility and hence 
their release to the amended soil (Fig 5.15).  
To this end, repeated biosolids application did not pose any negative impact from heavy 
metals on the biosolids receiving soil since heavy metals levels did not exceed the EPA 
ceiling limits (EPA Vic., 2004). 
Even though, the total heavy metal concentration in dewatered biosolids was higher than 
composted biosolids, higher levels of extractable Cu and Zn were noted in composted 
biosolids treated plots, this could be due to the composting process which increases the 
available fractions of metals in the composted biosolids amended plots. Composting increases 
the availability of Cu and Zn because of the contribution of microbial activity to the loss of 
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exchangeable sites often found in organic matter during its decomposition (Garrido et al., 
2005; He et al., 1992). Indeed, Cu and Zn may be mobile during composting because of the 
direct correlation that both have with organic carbon (Darmody et al., 1983). 
As shown in Fig. 5.6, the extractable Mn levels in soils after cropping in 2007 all showed a 
decrease compared to the previous year. This was particularly pronounced in the case of soils 
amended with composted biosolids. This phenomenon could have been due to a combination 
of speciation changes caused by the organic matter imputs and also leaching of complexed 
Mn from the top part of the soil profile.  
 
5.3. Relationship between DTPA and XRF determined heavy metals 
 
Copper 
 
In the 2006 dewatered biosolids and composted biosolids treated canola plots, significant 
positive relationship between DTPA extractable ( ICP-MS) and XRF determined total Cu 
concentrations were (R2 = 0.93 and R2 = 0.78 ) respectively . Similarly, in 2007 dewatered 
biosolids and composted biosolids treated canola plots concentrations of Cu were also 
positively related (R2 = 0.87 and R2 = 0.85) respectively (Fig. 5.9). 
Likewise, the coefficient of determination values for Cu in the 2006 oat plots treated with 
dewatered biosolids and composted biosolids were all positive and significant (R2 = 0.73 and 
R2 = 0.90), however in the 2007 oats plots a stronger positive coefficient of determination 
values for Cu were noted (R2 = 0.89 and R2 = 0.95) (Fig. 5.9). 
 
Zinc 
 
Correspondingly, the coefficient of determination values for Zn in the 2006 dewatered 
biosolids and composted biosolids treated canola plots were R2 = 0.88 and 0.79 respectively, 
and in the 2007 canola plots treated with dewatered biosolids and composted biosolids were  
R2 = 0.78 and R2 = 0.91). In the same way, the coefficient of determination values for the 
2006 oats plots treated with dewatered biosolids and composted biosolids were R2 = 0.55 and 
R2 = 0.85,  however in 2007 stronger relationship with  coefficients of determination values 
(R2 = 0.91 and R2 = 0.98) were observed ( Fig. 5.10) 
The correlations coefficients for Mn and Fe determined using DTPA extraction (ICP-MS) and 
XRF were weak and not significant. 
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In general, the correlations between DTPA extractable (ICP-MS) and XRF determined Cu and 
Zn values in biosolids amended soil were strongly correlated, furthermore in 2007 after 
repeated application of dewatered and composted biosolids in both canola and oats plots 
stronger positive correlations were noted. Dewatered biosolids and composted biosolids had 
significantly higher levels of organic matter and heavy metals than the soil background 
concentration, thus significant correlations between DTPA extractable and XRF determined 
total heavy metal concentrations particularly for Cu and Zn in both canola and oats plots were 
noted.  
As expected the data presented in Fig. 5.9 and 5.10 show that Cu extractability is lower in 
compost amended soil compared to digested sludge. Compost contained 60 % less Cu than 
digested cake and the results support the view that low metal content materials have 
intrinsically lower bioavailabilities than high metal materials at equivalent total soil 
concentrations (Smith, 2009). With Zn, on the other hand, both materials had similar contents 
and the extractable concentrations were broadly similar, albeit slightly smaller generally with 
compost which would be consistent with the generally lower availability of metals in this 
material compared to digested sludge. 
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Figure 5.9 Relationship between DTPA extractable (ICP-MS) and XRF determined 
concentrations of Cu residuals in dewatered biosolids and composted biosolids amended 
soils samples taken from canola and oats plots after the end of 2006 and 2007 experiments. 
The probability value (p < 0.001 stands for the regression coefficient for the independent 
variable XRF determined total Cu concentration.  
  
167 
 
 
 
 
 
 
 
y = 0.31x - 6.7
R2 = 0.88
p < 0.001
y = 0.27x - 7.1
R2 = 0.79
p < 0.001
0
2
4
6
8
10
12
0 20 40 60 80
XRF Zn mg/kg ds , 2006
DT
PA
 
Zn
 
m
g/
kg
 
ds
Canola with dewatered biosolids
Canola with composted biosolids
y = 0.21x - 6.6
R2 = 0.91
p < 0.001
y = 0.26x - 9.04
R2 = 0.78
p < 0.001
0
5
10
15
20
25
0 25 50 75 100 125 150
XRF Zn mg/kg ds, 2007
DT
PA
 
Zn
 
m
g/
kg
 
ds
Canola with dewatered biosolids
Canola with composted biosolids
y = 0.19x - 4.8
R2 = 0.85
p < 0.001
y = 0.30x - 6.9
R2 = 0.55
p < 0.01
0
5
10
15
20
25
0 25 50 75 100 125 150
XRF Zn mg/kg ds, 2006
DT
PA
 
Zn
 
m
g/
kg
 
ds
Oats with dewatered biosolids
Oats with composted biosolids
y = 0.22x - 6.9
R2 = 0.98
p < 0.001
y = 0.27x - 8.7
R2 = 0.91
p < 0.001
0
5
10
15
20
25
30
0 25 50 75 100 125 150
XRF Zn mg/kg ds, 2007
D
TP
A
 
Zn
 
m
g/
kg
 
ds
Oats with dewatered biosolids
Oats with composted biosolids
Figure 5.10 Relationship between DTPA extractable (ICP-MS) and XRF determined 
concentrations of Zn residuals in dewatered biosolids and composted biosolids amended 
soils samples taken from canola and oats plots after the end of 2006 and 2007 
experiments.  The probability value (p < 0.001 stands for the regression coefficient for 
the independent variable XRF determined total Zn concentration. 
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5.4.  Changes in the ratio of DTPA to XRF determined soil Cu, Zn, Mn 
and Fe levels 
 
To examine the effect of dewatered biosolids and composted biosolids application rates on the 
changes and trends of bioavailable fractions of heavy metals (extracted by DTPA,) the ratio of 
DTPA extractable and XRF concentrations of metals in biosolids amended soil samples were 
plotted against biosolids application rates. Table 5.13 shows the ratio of DTPA extractable to 
XRF determined total metals concentration in the background soil, dewatered biosolids and 
composted biosolids expressed as a percentage.  
The values for the ratio of DTPA to XRF metals recorded in dewatered biosolids were higher 
than the corresponding values found in composted biosolids. The ratio for the soil background 
concentration was the lowest for all the heavy metals. The effects for each of the metals 
analysed is discussed below. 
 
Table 5.13 The ratio of DTPA extractable to XRF determined total heavy metals values 
expressed in percent for background soil, dewatered biosolids and composted biosolids 
Analytes Soil Dewatered biosolids Composted biosolids 
Cu  6.5 28.5 11.0 
Zn  2.4 34.7 33.0 
Mn  4.9 46.0 9.4 
Fe  0.3 1.5 1.1 
Ni  4.0 17.7 7.5 
Pb  4.7 17.5 19.0 
 
Concentrations of DTPA extractable and XRF total heavy metals were analysed before at the beginning of 
the experiment in 2006.  
 
 
Cu and Zn 
 
In the 2006 and 2007 dewatered biosolids treated canola and oats plots the ratio of DTPA to 
XRF determined soil Cu levels showed an increasing trend following dewatered biosolids 
application rates. The levels of DTPA extractable Cu in oats plots were relatively higher than 
the levels recorded in canola plots. 
In contrast, the ratio of DTPA to XRF levels of Cu in composted biosolids treated canola and 
oats plots did not show an upward trend and was significantly lower than the levels found in 
dewatered biosolids amended canola and oats plots in both years of the experiment (Fig. 
5.11). 
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The ratio of DTPA extractable to XRF determined Zn values in dewatered biosolids and 
composted biosolids amended canola and oats plots showed  better upward trend than Cu in 
both years of the experiments. The observed ratio of DTPA to XRF determined Zn values in 
dewatered and composted biosolids treated plots were relatively similar, however Zn ratio 
observed in oats plots treated with dewatered and composted biosolids were slightly higher 
than the corresponding values observed in canola plots ( Fig. 5.12). 
 
 
0
5
10
15
20
25
0 5 25 45 65
Dewatered biosolids application 
rates (t/ha)
Ra
tio
 
o
f D
TP
A 
/ X
RF
 
Cu
 
( in
 
%
)
2006 Canola plots
2006 Oats plots
 
0
5
10
15
20
25
0 10 30 50 70
Composted biosolids applications 
rates (t/ha)
Ra
tio
 
o
f D
TP
A 
/ X
RF
 
Cu
 
( in
 
%
)
2006 Canola plots
2006 Oats plots
0
5
10
15
20
25
0 5 25 45 65
Dewatered biosolids application 
rates ( t/ha)
Ra
tio
 
o
f D
TP
A 
/ X
RF
 
Cu
 
( in
 
%
)
2007 Canola plots
2007 Oats plots
0
5
10
15
20
25
0 10 30 50 70
Composted biosolids application 
rates ( t/ha)
Ra
tio
 
o
f D
TP
A 
/ X
RF
 
Cu
 
( in
 
%
)
2007 Canola plots
2007 Oats plots
Figure 5.11 The influence of dewatered biosolids applications on the ratio of DTPA to 
XRF determined soil Cu levels in canola and oats plots in 2006 and 2007 experiments. 
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The ratio of DTPA to XRF Cu and Zn values in dewatered biosolids treated plots were 
significantly higher than the corresponding values observed in composted biosolids, (Table 
5.1). 
The observed increasing trends in the ratio of DTPA to XRF Cu and Zn values were due to 
two reasons. The first reason would be the dewatered biosolids and composted biosolids had 
higher concentrations of Cu, Zn and organic matter than the soil background concentrations 
and thus the upward trend was not unexpected. The second reason would be the nitrification 
of NH4-N into NO3-N releases NO3-N into the soil which lowers the pH of the soil. Such 
changes in the soil pH would increase the solubility of Cu and Zn attached in the organic 
matter matrix resulting in an increase in the ratio of DTPA to XRF determined Cu and Zn 
concentrations particularly in dewatered biosolids amended soil (Fig. 5.15). 
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Figure 5.12 The influence of dewatered biosolids applications on the ratio of DTPA to 
XRF determined soil Zn levels in canola and oats plots in 2006 and 2007 experiments. 
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 The ratio of DTPA to XRF values for Mn in the 2006 and 2007 canola and oats plots 
amended with dewatered biosolids showed slight increases, however Mn levels in composted 
biosolids amended canola and oats plots were relatively constant (Fig.5.13).  Higher  values 
for the ratio of DTPA to XRF values for Mn was expected since DTPA extractable Mn 
concentrations in dewatered biosolids was higher than the levels found in composted biosolids 
( Table 5.7). 
The ratios for Fe in canola and oats plots showed an increasing trend following both biosolids 
application rates in both years of the experiment; however, the ratios for Fe in dewatered 
biosolids amended canola and oats plots were considerably higher than the corresponding 
values observed in composted biosolids amended plots. This was not expected since 
composted biosolids had slightly higher DTPA extractable Fe than dewatered biosolids, 
however this difference could be due to higher concentration of organic matter contained in 
dewatered biosolids than in composted biosolids and the effect it had on lowering the soil pH 
and thus converting Fe in the soil into a DTPA extractable forms (Fig.5.14).   
Similar to Cu and Zn, the ratio values for Fe in oats plots were significantly higher than the 
values recorded in canola plots. This would be due to differences in the uptake of metals 
between the two crops. The other reason could be, canola’s deeper rooting system may 
possibly expose the metals for leaching beyond the soil sampling depth leaving lower 
concentrations of the soluble fractions of the metals on the soil surface. 
 In general, the ratio of DTPA to XRF determined Cu, Zn and Fe values showed an increasing 
trend following both biosolids application rates in both years of the experiment. Such 
increases in the ratio of DTPA to XRF values would be due to the addition of biosolids, and 
decomposition and mineralization of biosolids organic matter. This process often lowers the 
soil pH which tends to release heavy metals into the soil thereby increasing the DTPA 
extractable components.  
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Figure 5.13 The influence of dewatered biosolids applications on the ratio of DTPA to 
XRF determined soil Mn levels in canola and oats plots in 2006 and 2007 experiments. 
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5.5. The effect of biosolids applications on soil pH and EC 
 
The change in pH due to biosolids application is of a particular significant since it impacts 
upon the solubility of heavy metals contained in the biosolids.  
Electrical conductivity of soil is an important soil parameter and can be used as an indirect 
indicator of a number of soil physical and chemical properties. There is a significant positive 
correlation between electrical conductivity and clay content, cation exchange capacity, soil 
moisture and organic carbon of soil (Sudduth, et al., 2005).  
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Figure 5.14 The influence of dewatered biosolids applications on the ratio of DTPA to XRF 
determined soil Fe levels in canola and oats plots, 2006 and 2007 experiments. 
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Thus, the Electrical conductivity of soil, biosolids and biosolids amended soil was measured 
to examine the influence of the two biosolids products on conductivity of the biosolids 
amended soil and hence if there is any impact on crop productivity. 
The application of various biosolids types may or may not alter the soil physical and chemical 
properties; these include an increase or a decrease in the pH and EC values of the amended 
soil.  The effect of dewatered and composted biosolids applications on soil pH and EC values 
were investigated under field conditions.  
The physicochemical properties of soil, dewatered biosolids and composted biosolids 
including the pH, EC and CEC are shown in Table 5.14 below. The results indicate that the 
pH of soil, dewatered biosolids and composted biosolids were relatively similar ranging from 
6.4 to 6.7; however, composted biosolids had significantly higher EC values than dewatered 
biosolids. This is consistent with the higher concentrations the major cations Na+, K+, Ca++ 
and Mg++ ions in composted biosolids (Table 5.14). 
 
 
 
 
5.5.1. The influence of dewatered biosolids applications on soil pH and EC  
 
pH 
The effect of dewatered biosolids application on soil pH is presented in Fig. 6.15 below. 
In the 2006, dewatered biosolids applications had a significant (p < 0.001) effect in lowering 
the soil pH in the oat plots from 6.1 to 5.7 at the highest rate, but , did not do so in the canola 
plots. In the 2007 experiment, reapplying the same amount of biosolids significantly (p < 
0.001) affected the pH of soil changing on average from 6.2 to 5.4 and from 6.2 to 5.2 for 
canola and oats plots, respectively (Fig.5.15). As dewatered biosolids loading rates increased, 
a decrease in the pH of the amended soil in both years of the experiment was observed which 
Table 5.14 Results of pH, EC and NH4Cl extractable exchangeable bases in soil, 
dewatered biosolids and composted biosolids.  
Analytes Soil Dewatered biosolids Composted biosolids 
pHw (1:5) 6.5 6.7 6.4 
EC( 1:5) (µ S/cm) 67 1350 2704 
CEC ( meq/kg) 7 24 62 
Major cations extracted using 1 M NH4Cl and analysed by ICP-MS (mg/kg).    
Na 76 ± 3 749 ± 59 1557 ± 50 
Mg 264 ± 4 1200 ± 86 3564 ± 17 
K 316 ± 11 735 ± 65 4546 ± 79 
Ca 697 ± 13 1831 ± 118 2864 ± 519 
Al 1.3 ± 0.2 145 ±31 11 ± 9 
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would be due to the decomposition of organic matter in the biosolids releasing H+ ions in the 
soil.  
Similar findings were also reported by Epstein et al. (1976) in which case the application of 
municipal sewage sludge on crop land decreased soil pH. Antonlin et al. (2005) also reported 
that repeated sludge application at a rate of 15 t/ha reduced the pH and increased the total 
organic carbon and CEC of the soil. 
Several researchers (Helyar 1976; Binkly and Richter 1987; Bolan et al. 1991; Kirchmann et 
al. 1996 and Bergkvis et al. 2003) suggested that this could be due to the production of NO3- 
ions resulting from mineralization of organic nitrogen and sulfur contained in the biosolids 
and its accumulation in soil. When NO3- ions and basic cations leach from the rooting zone of 
the soil, there is a net cumulative of hydrogen ions in the soil; one hydrogen ion for every 
nitrate ion leached, thus the loss of NO3- ions accompanied by base cations leaves hydrogen 
ions in the system thereby decreasing the soil pH. The increase in the concentrations of H+ 
due to the mineralization of organic-N is partially shown in the following equation (Brady and 
Nelson, 2008). 
 
+2H2O
-2H2O
OH- + 4H+ + energy + NO2
-
energy + NO3
-
+O2
-O2
-1/2O2
+1/2O2
R NH2 R OH + NH4+
Mineralization
Immobilization
 
Similarly, Alves et al. (2006)  in their field experiment also observed a decrease in soil pH as the 
application of biosolids increased, and suggested that the acidic biosolids used in the 
experiment and the decomposition of soil organic matter by microorganisms could produce 
organic acids, together with carbon dioxide and water, resulting in the formation of carbonic 
acid.  
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Impellitteri et al. (2003) also found that soil pHw and percent organic matter explained 80% of 
the variability in plant-available copper (as estimated by 0.01 M HCl extraction) and pH alone 
explained 80% of the variability of plant available zinc (as estimated by 0.01 M CaCl2 
extraction) in a set of 40 soils from the United States, Canada, the United Kingdom, the 
Netherlands, and Chile with diverse characteristics. 
The decrease in pH following dewatered biosolids applications may have impacted on heavy 
metals solubility in biosolids amended soil which agree with the findings of Efroymson et al. 
(2001) where pHw was a statistically significant variable for accumulation of cadmium and 
zinc by plants in field soils, and the multiple regression incorporating soil concentration of the 
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Figure 5.15 The effect of dewatered and composted biosolids application rates on soil pHw 
in 2006 and 2007 field experiments. The error bars represent standard deviations of 
triplicate measurements. The LSD 0.05 values refers to the least significant difference for the 
means at 5% probability, whereas*, *** and ns refers to significant treatment effects in 
ANOVA (F-test) at p < 0.05, p < 0.001 and not significant respectively (n = 3). 
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element and pHw predicted the plant concentration of Cu and Pb in a validation data set better 
than models without pHw. 
Therefore, in the long term, nitrification of the NH4-N into NO3-N and the mineralization of S 
from the biosolids can have more impact on the pH of the amended soil than the pH of the 
biosolids itself since in our study the pH values of the soil and the biosolids were almost 
similar at the beginning of the study. 
The effect of dewatered biosolids in decreasing the soil pH at the higher application rates was 
slightly higher for soil samples taken from oat plots than in the canola plots during the second 
year of the experiment. 
 Over all, the change in soil pH did not affect the yields of crop, since both crops can grow 
and give good yields within these pH ranges. The minimum pHw for canola is thought to be 
5.5 below which the crop is likely to be stunted and unable to reach its yield potential, 
nevertheless, canola can grow on calcareous soils, up to pHw = 8.5 (Potter et al.,1999 ). 
Maximum oats yields are usually achieved within 5.3-5.7 pHw ranges (Adam and Amam, 
1979; Doll, 1964), oats have been shown to withstand acid soils with a pHw of 4.5 (Stoskopf, 
1985) 
 
EC 
The electrical conductivity data, despite some variability shows that the application of 
dewatered biosolids in 2006 significantly increased the electrical conductivity of the amended 
soil on average changing from 159 in the control plot to 216 µS cm-1 in the 65 t/ha in the 
canola plots but this effect was not observed in the oat plots.  
A comparison of the control and the highest dewatered biosolids ( 65 t/ha) treated plots after 
reapplying dewatered biosolids in 2007 shows that on average there was an increase in the 
electrical conductivity of the soil from 62 to 150 µS cm-1 in the canola plots and from 71 to 
126 in oats plots respectively ( Table 5.15). Even though the EC values recorded in 2007 
dewatered biosolids treated plots showed an increasing trend, they were significantly less than 
the 2006 recordings. This could possibly be due to the production of NO3- and SO42- ions 
resulting from mineralization of organic nitrogen and sulphur contained in the biosolids and 
accompanied by the leaching of major cations (Na+, K+, Ca++ and Mg++) down the soil profile. 
In addition, the experimental plots were irrigated (tap water) using sprinkler watering system 
and this may have enhanced the down ward leaching of soluble salts through time. 
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5.5.2. The influence of composted biosolids applications on soil pH and EC 
of the amended soil 
 
pH 
In the 2006 experiment, when the control and the highest composted biosolids applied plots 
(70 t/ha) were compared, the effect of composted biosolids application rates on soil pHw was 
significant, on average increasing from 6.7 to 7.0 in the canola plots and from 6.5 to 7.1 in the 
oats plots respectively. As composted biosolids application rates increased, soil pHw also 
showed an increasing trend in both canola and oats plots. In contrast to dewatered biosolids, 
increases in soil pHw observed in 2006 composted biosolids amended plots were attributed to 
the high concentration of exchangeable base cations (Na+, K+, Ca2+ and Mg2+ ) and the 
relatively higher EC values of the composted biosolids. However, reapplying composted 
biosolids in 2007 had no significant effect on the pHw of the soil. Indeed, repeated application 
of composted biosolids in the second year of the experiment could have increased the level of 
base cations in the soil, however the simultaneous build up of H+ which resulted from the 
mineralization of organic nitrogen contained in the composted biosolids would probably off-
set the increase in soil pH (Fig.5.15).  Several researchers (Summers, 1977; Kim et al., 2007) 
Table 5.15 Effect of biosolids application rates on EC of amended soil in 2006 and 2007 
field experiments. 
  Biosolids amended soil samples taken from 2006 experiments 
Canola Oats Canola Oats Dewatered 
biosolids  
rates (t/ha) Ec µScm-1 Ec µScm-1  
Composted 
biosolids 
rates (t/ha) Ec µScm-1 Ec µScm-1 
0 159 ±51 175±31 0 192±17 215±35 
5 119±35 138±45 10 173±78 239±41 
25 147±35 148±39 30 188±36 161±62 
45 226±58 182±38 50 234±22 211±79 
65 215±9 144±25 70 258±57 220±57 
F 177±26 158±22 F 232±43 197±97 
LSD 0.05 71* ns LSD 0.05 ns ns 
Biosolids amended soil samples taken from 2007 experiments 
0 62±1 71±13 0 62±11 72±3 
5 72±10 71±11 10 85±7 78±10 
25 124±13 127±13 30 110±26 72±7 
45 123±16 110±14 50 118±24 90±23 
65 151±19 126±19 70 139±19 112±1 
F 81±12 77±15 F 91±21 93±5 
LSD 0.05 26*** 25.3*** LSD 0.05 40* 24* 
The superscripts *,**,*** and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.05, p 
<0.01, p < 0.001 and not significant respectively, values indicate means of triplicate measurements (n = 3). 
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also reported similar findings where the addition of composted biosolids increased the pH of 
soil. Most researchers (Sims and Kline 1991; Tsadilas et al. 1995; Chlopecka 1996b; Su and 
Wong 2003) reported   increases in soil pH following the applications of Municipal sewage 
sludge, composted biosolids and coal fly ash stabilized biosolids on a variety of soils under 
green house and field conditions. Such pH changes after increasing ash and composted 
biosolids amendments may have caused by the precipitation of soluble cations in the sludge 
mixture raising the soil pH. 
In this study, the two biosolids types impacted upon the soil pH differently where dewatered 
biosolids decreased the soil pH, whereas an increase in pH followed the application of 
composted biosolids applications. Similar changes in soil pH have been attributed to the 
calcium carbonate content of sludge and production of acid during sludge decomposition 
(Sommers, 1977). 
 
EC 
In the 2006 composted biosolids treated canola and oats plots, EC values were not 
significantly different from the control plots. However, a significant increasing trend in EC 
values in the 2007 composted biosolids treated canola and oats plots were noted, as expected 
because of the high EC values of the composted biosolids. Consistent with this finding, 
Martinez et al., (2002) also reported increases in EC of soil following urban organic wastes 
applications. 
In contrast, both biosolids types had similar effect on EC, slightly increasing the EC values of 
the amended soil (Table 5.15). Nevertheless, neither crop would have been affected by these 
increases since canola yields can only be affected when the EC of the saturation extract is 
more than 40×104 µScm-1 (Potter et al., 1999). Oats are slightly salt tolerant (Bresler et al., 
1982), and under non-saline conditions oats are moderately tolerant to sodium (Pearson, 
1960). 
 
5.6. Effect of cropping sequence on DTPA extractable heavy metals 
 
Based on the DTPA extractable metals data presented in appendix J Table J-1 to Table J-4, 
section 5.6 of the thesis describes the influence of  two years crop rotation on Cu, Zn and Fe 
residues left in the soil after successive biosolids application. In order to examine the effect of 
crop rotation on metals residue left in the soil, the maximum dewatered biosolids and 
composted biosolids treated plots were chosen (which would presumably magnify the effect) 
and the corresponding metal residueals were compared over the two cropping seasons 
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The study showed that crop rotation had significant effect on DTPA extractable heavy metals 
residues accumulated at the 0-10 cm soil depth after two years application of dewatered 
biosolids and composted biosolids. For the canola-oats cropping sequence in dewatered 
biosolids amended plots, on average 5, 10 and 65 mg/kg of  DTPA extractable Cu, Zn and Fe 
residues were observed, whereas for the oats-canola cropping sequence, 3.2, 5 and 9 mg/kg of 
Cu, Zn and Fe were found in the 0-10 cm depth of the soil.  
 
 
Likewise, in composted biosolids treated plots canola-oats cropping sequence, on average 
0.84 Cu, 14.4 Zn and 26 µg/g Fe residues were recorded; however, in the oats-canola rotation 
0.34 µg/g Cu, - 0.24 Zn µg/g and - 31 Fe µg/g reductions at the end of the 2007 experiments 
were noted. The negative values indicate Zn and Fe levels recorded at the end of the 2006 
experiment were greater than the levels recorded at the end of the 2007 trial (Table 5.16).   
It could be possible that the higher concentrations of DTPA extractable metals observed in the 
canola-oat rotation may be due to the increased up take of metals by canola compared to oats 
(Table 5.24 and 5.25)  in the first year of the experiment reducing the DTPA extractable 
levels of the canola plots. This might have led to greater concentrations of metals in the oats 
plots in the second year of the experiment, resulting in higher DTPA extractable 
concentrations of metals in the canola-oats rotation compared to the oats-canola rotation. 
Likewise, the pH of oats plots amended with dewatered biosolids was lower compared to 
canola; this could also partly explain the larger DTPA residue in the second year after oats 
(Figure 5.15). Moreover, the performance of the oat crop in 2007 was reduced due to the 
Table 5.16 The changes in DTPA extractable  Cu, Zn and Fe residues due to canola and 
oats cropping sequence in biosolids amended soil in 2006 and 2007 field experiments, 
(expressed in mg/kg) 
Cropping sequence in dewatered biosolids treated canola and oats plots 
Analytes Yr 1 
canola 
Yr 2 
oats 
Yr 2-Yr1  Analytes Yr 1 
oats 
Yr 2 
canola 
Yr 2-Yr1 
Cu 3.3 8.2 5 Cu 3.1 6.3 3.2 
Zn 6.0 15.5 10 Zn 7.6 12.8 5.2 
Fe 37 103 65 Fe 78 87 9 
Cropping sequence in composted biosolids treated canola and oats plots 
Analytes Yr 1 
canola 
Yr 2 
oats 
Yr 2-Yr1 Analytes Yr 1 
oats 
Yr 2 
canola 
Yr 2-Yr1 
Cu 1.2 2.0 0.8 Cu 2.5 2.2 -0.3 
Zn 8.7 23.2 14.5 Zn 18 18 0 
Fe 77 103 26 Fe 62 30 -32 
Dewatered and composted biosolids amended soil samples were taken after each year crop harvest and the 
plant available fractions of Cu, Zn and Fe were extracted using DTPA solution and the concentrations 
were determined by ICP-MS. The unamended control and the highest dewatered (65 t/ha) and composted 
(70 t/ha) biosolids treated plots were compared based on metals residues in soil after the end of 2006 and 
2007 crop harvest. 
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incidence of crop pest infestation and as the result of this; the oats would not have been able 
to take up as much as usual. 
In addition, the decomposition of biosolids organic matter which releases heavy metals into 
the soil in the first year of the experiment may take some time, thus at the end of the canola-
oats rotation a substantial amount of DTPA extractable Zn and Fe residue may accumulate in 
the amended soil, because the oat crops are not as efficient in taking up the residual Zn and Fe 
as the canola. On the other hand, in the oats-canola rotation the canola crop would probably 
get sufficient time to take up most of the available Zn and Fe residue at the end of the two 
years experiment leaving a lesser amount of Cu and Fe residue in the amended soil. This 
would be consistent with the significantly higher uptake of Zn by canola than the oat crops. 
Thus, in the oats-canola cropping sequence, significantly lower concentrations of available Zn 
and Fe were observed than in the canola-oats sequence in both dewatered and composted 
biosolids treated plots which suggests that crop rotation had a considerable effect on the levels 
of Zn and Fe residues left in the amended soil after two years of biosolids applications (Table 
5.16).  
 
5.7.  Plant uptake of heavy metals in biosolids amended soil 
 
The bioavailability of heavy metals such as Cu and Zn would be an important factor from 
nutrient release stand point to enhance crop growth and from land contamination perspectives 
where repeated application of biosolids may elevate the concentration of these elements to 
levels that possibly contaminate the receiving soil. 
Soil pH, organic matter and clay content and interaction of elements in the biosolids amended 
soil determine the solubility of heavy metals and thus uptake and accumulation by plants 
which could possibly become phytotoxic under excessive conditions. 
Heavy metals accumulation in plants differs with plant species, cultivars and plant parts. In 
most cases, heavy metals are more concentrated in the leaves than in the grain. 
Thus, to investigate the concentrations of various heavy metals in the leaves of canola and 
oats amended with dewatered and composted biosolids, plant samples were taken at 4-5 leaf 
stages for canola and at 5-6 tillering stages for oats and were analysed to examine the effect of 
biosolids application rates on heavy metals concentration in the leaves and their possible 
phytotoxicity or deficiency.  
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5.7.1.  Analytical quality assurance 
 
For HNO3/H2O2 extractable pseudo total metal concentrations in plant leaves, a standard 
reference material SRM 1573a (Tomato leaves) was analysed in duplicate for every 18 
samples and the percent recovery was determined.  
To check the reproducibility of the extraction technique, five replicates of plant samples were 
separately extracted and analysed. The coefficient of variation was calculated. 
The recovery values for the standard reference material for SRM1573a tomato leaves were 
slightly lower than the certified values. This was not unexpected, since the values obtained for 
SRM 1573a reference material had been obtained using perchloric, nitric, hydrochloric and 
hydrogen fluoride acid digestion, whereas in this work, the reference material was digested 
using HNO3/H2O2. Hence the amounts determined by this method will be slightly 
underestimating plant uptake. In general, the recoveries of the measured values for all the 
heavy metals were high (Table 5.17). 
 
 
 
5.7.2. Heavy metals uptake by canola 
 
Results of plant tissue analyses in the 2006 experiment showed that when the control plot was 
compared with the highest dewatered biosolids application rates (65 t/ha), the uptake of Cu, 
Zn and Mn by canola crop increased significantly (p < 0.05) from 10.3 to 15.8 µg/g dm for 
Cu, from 63.6 to 115.4 µg/g dm for Zn and from 34.6 to 54 µg/g dm for Mn, respectively. 
 
Table 5.17 The measured and certified values of standard reference material (SRM 1573a 
tomato leaves) analysed using ICP-MS for the purpose of validating the analytical data 
for canola and oats leaves analysis (mg/kg on dry weight basis). 
Analytes Measured Certified Recovery (%) 
Cu 4.1 ± 0.1 4.70 87 
Zn 45 ± 6 30.90 120 
Mn  201 ± 1 246 82 
Fe 372 ± 6 368 101 
Co 0.9 ± 0.6 0.57 88 
Ni 1.4 ± 0.1 1.59 83 
The measured values indicate mean ± standard deviations of duplicate measurements 
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The concentrations of Cu and Zn in canola tissue were positively correlated (r = 0.69** and r 
= 0.67**) with their respective DTPA extractable soil concentrations, Cu showing a quadratic 
trend as biosolids application rates increases whereas Zn showed a linear trend (Fig. 5.16). 
In contrast, in the 2007 experiment Cu and Zn in canola tissue were not significantly different 
from the control plots although a significant increase in tissue Mn was observed changing 
from 40 to 118 mg/kg at the highest (65 t/ha) biosolids rates (p < 0.05).  
Similarly, a relatively linear increase in the uptake of Cu and Zn by canola crop following 
increased composted biosolids application was also observed. Despite a significant correlation 
(r = 0.61*) between Zn in canola tissue and DTPA extractable Zn in soil, the correlation 
between Cu in canola tissue and DTPA extractable Cu levels was not significant (Fig. 5.17 
and Appendix F). 
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Figure 5.16 Relationships between DTPA extractable Cu and Zn in soil and their 
respective concentrations in canola and oat tissue in the 2006 dewatered biosolids amended 
plots in field experiment.  Values are expressed on dry matter basis.  The superscripts ** 
refers to significant Pearson’s correlation at p < 0.01 level. 
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Effect of total XRF metals and soil pH on metals uptake by canola  
 
The relationship between soil total metals (XRF total), soil pH and metal concentrations in 
plant tissues were examined using a multiple regression analysis.  
Before multiple regression was conducted, total Cu and Zn concentrations recorded in the 
unamended control plots of soil and plants were subtracted from Cu and Zn values obtained 
from the various dewatered biosolids and composted biosolids treated soil and plants and the 
intercept was set to zero. This was done to distinguish only the influence of biosolids 
applications and hence concentrations of Cu and Zn in canola leaf were regressed against soil 
total Cu and Zn concentrations and soil pH.  The results are summarized in Table (5.18). 
Results of the analysis showed that although application of dewatered biosolids lowered soil 
pH and increased total Cu and Zn residue in the amended soil, the change in soil pH and total 
Cu and Zn levels had no significant effect on the concentrations of Cu and Zn in canola leaf in 
both years of the experiment Table 5.  In composted biosolids treated canola plots, total soil  
Zn levels and pH were not related to the concentration of Zn observed in canola tissue in both 
years of the experiment, but soil pH in both years of the experiments had a positive impact on 
the concentration Cu in canola tissue . In the 2007 experiment, Cu residue in soil was 
negatively related to the concentrations of Cu in canola tissue (Table 5.18). 
 
 
Table 5.18 The impact of XRF total metals and soil pH on  HNO3/H2O2 extractable total Cu and 
Zn concentrations in canola leaves in 2006 and 2007 field experiments, multiple regression 
analysis. 
Dewatered biosolids amended canola plot Composted biosolids amended canola plot 
Regression 
Coefficients 
Regression 
Coefficients 
Analytes 
XRF pH 
Adjusted 
R2 
P- value 
XRF pH 
Adjusted 
R2 
P- value 
Cu 2006 0.6ns -0.3ns 0.20 0.33 0.02ns 0.32* 0.65 0.007 
     2007 0.04ns 0.04ns 0.06 0.29 -0.05* 0.21** 0.56 0.01 
Zn 2006 0.50ns 0.95ns 0.50 0.006 0.97ns 0.90ns 0.46 0.011 
     2007 0.81ns 17ns 0.51 0.027 0.034ns 3.8ns 0.44 0.047 
The regression coefficients estimated for the independent variables XRF total Cu and Zn and soil pH were tested 
whether the values were statistically different from zero or not, thus the superscripts *, **, *** and ns refer to 
significant levels (t-test) for the regression coefficients at p < 0.05, p < 0.01, p < 0.001 and not significant 
respectively. The superscript “b” indicates data not analysed because in the 2007 plot experiment, the oat crop 
were infested with stem/leaf rust which negatively impacted the over all performance of the oat crop.  
The p- values stand for the level of significance for the regression line  ( R2 )   ANOVA (F-test).    
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5.7.3.  Heavy metals uptake by oats 
 
Although the concentrations Cu, Zn and Mn in oat tissue was lower than those found in 
canola tissue, in the 2006 experiment, there were significant increases (p < 0.001) in Cu, Zn 
and Mn in oat tissue changing from 3.6 to 7 mg/kg dm for Cu, from 16 to 61.4 mg/kg dm for 
Zn and from 75 to 101 mg/kg dm for Mn respectively. The highest tissue Mn (101 mg/kg dm) 
was recorded at the 5 t/ha biosolids application rates. A significant positive correlation (r = 
0.94** and r = 0.78**) between Cu and Zn in oat tissue and their respective DTPA 
extractable concentrations in soil were also noted and showed a plateau type response 
(Fig.5.16). 
Likewise, in 2006, Cu and Zn levels in oats tissue were significantly different from the 
control plots and changed from 3.8 to 5.5 mg/kg dm for Cu and from 18 to 46 mg/kg dm for 
Zn respectively. The correlation coefficients between Cu and Zn in oats tissue and their 
respective DTPA extractable concentrations were r = 0.73 and r = 0.70 respectively and 
showed a plateau type response following composted biosolids application rates (Fig. 5.17 
and Appendix F); however, in 2007, the responses of Cu and Zn to increased composted 
biosolids rates were not significantly different from the control plot. 
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Figure 5.17 Relationships between DTPA extractable Cu and Zn in soil and their respective 
concentrations in canola and oat tissue in 2006 composted biosolids amended plots.  Values 
are expressed on dry matter basis.  The superscripts *, ** and ns refers to significant 
Pearson’s correlation coefficient at p < 0.05, p < 0.01 and not significant respectively. 
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Effect of total XRF metals and soil pH on metals uptake by oat 
 
In the 2006 dewatered biosolids treated oat plots, the XRF total Cu and Zn were positively 
related to the corresponding concentrations of Cu and Zn in oat tissue. In addition, soil pH 
positively impacted on the concentrations of Zn in oat tissue. Similarly, in the 2006 
composted biosolids  treated oat plots,  significant positive regression coefficients were 
observed for XRF total Cu and Zn values indicating that metal loading had positive impact on 
Cu and Zn concentrations in oat tissue. Soil pH did not affect the level of Cu in oat tissue, but 
had a positive impact on the concentration of Zn in oat tissue (Table 5.19). 
 
Table 5.19 The impact of XRF total metals and soil pH on  HNO3/H2O2 extractable total Cu and 
Zn levels in oat leaves in 2006 and 2007 field experiments, multiple regression analysis. 
Dewatered biosolids amended oat plot Composted biosolids amended oat plot 
Regression 
Coefficients 
Regression 
Coefficients 
Analytes 
XRF pH 
Adjusted 
R2 
P- value 
XRF pH 
Adjusted 
R2 
P- value 
Cu 2006 0.21** 0.15ns 0.83 < 0.001 0.045* 0.02ns 0.79 0.001 
     2007 nab na na na nab na na na 
Zn 2006 1.3*** 3.4*** 0.86 < 0.001 0.25* 1.7* 76 0.001 
     2007 na na na na nab na na na 
The regression coefficients estimated for the independent variables XRF total Cu and Zn and soil pH were tested 
whether the values were statistically different from zero or not, thus the superscripts *, **, *** and ns refer to 
significant levels (t-test) for the regression coefficients at p < 0.05, p < 0.01, p < 0.001 and not significant 
respectively. The “na” indicates data not analysed because in the 2007 plot experiment, the oat crop were infested 
with stem/leaf rust which negatively impacted the over all performance of the oat crop. The p- values stand for the 
level of significance for the regression line (R2)   ANOVA (F-test).    
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Figure 5.18 Relationships between DTPA extracted Cu and Mn in soil and their respective 
concentrations in oat tissue in 2007 dewatered biosolids amended plots in field experiment. 
Values are expressed on dry matter basis.   
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Table 5.20 Changes in the level of heavy metals and Mn in canola and oats leaves due to 
dewatered and composted biosolids applications in 2006 field experiment (mg/kg) 
Plant samples taken from dewatered biosolids treated canola and oats plots, 2006 
Concentrations of heavy metals in 
canola leaf expressed in mg/kg, 
2006 
Concentrations of heavy metals in oats 
leaf expressed in mg/kg, 2006 
Dewatered 
biosolids 
rates(t/ha) 
Cu Zn Mn Cu Zn Mn 
0 10 ± 2 64±1 35±8 4±1 16±3 75±4 
5 10 ± 1 61±1 48 ±8 4.4±0.4 37±4 97±6 
25 10 ± 2 78±15 52±10 5.5±0.4 48±3 67±10 
45 11 ± 4 82±12 45 ±5 6.9±0.1 57±2 56±7 
65 16 ± 4 115±4 54±6 7.0±0.4 61±9 77 ±4 
LSD 0.05 8.3* 16.4* 12.4* 0.8*** 8.9*** 12** 
Measured 3.4±1.6 23.5±0.4 197±7 5.7±0.9 21.5±0.9 182 ±1 
Certified 4.7 30.9 246 4.7 30.9 246 
Recovery  72 (%) 76 (%) 80 121 (%) 70 (%) 74 (%) 
Plant samples taken from composted biosolids treated canola and oats plots, 2006 
Concentrations of heavy metals in 
canola leaf expressed in mg/kg, 
2006 
Concentrations of heavy metals in oats 
leaf expressed in mg/kg, 2006 
Composte
d 
biosolids 
rates 
(t/ha) 
Cu Zn Mn Cu Zn Mn 
0 8 ± 1 46 ± 9 34 ± 3  3.8 ± 0.3 18.3 ± 0.3 57 ± 4 
10 10.5 ± 0.2 34 ± 1 46 ± 11 4.3 ± 0.6 22 ± 5 41 ± 3 
30 10 ± 1 51 ± 6 39 ± 3 4.6 ± 0.7 41 ± 5 43 ± 11 
50 9.1 ± 0.7 83 ± 21 36 ± 4 5.1 ± 0.7 42 ± 11 31 ± 5 
70 12 ± 1 53 ± 20 39 ± 3 5.5 ± 0.5 46 ± 12 28 ± 4 
LSD 0.05 1.6** 26* ns 1.0* 14** 11*** 
Measured 3.1 ± 0.2 25 ± 8 197 ± 21 3.2 ±0.7 19±6 180±1 
Certified 4.7 30.9 246 4.7 30.9 246 
Recovery 65 (%) 81 (%) 80 (%) 68 (%) 62 (%) 73 (%) 
Values indicate means of triplicate measurements ,the superscripts *, **,*** and ns refers to significant 
treatment effects in ANOVA ( F-test) at p < 0.05, p < 0.01, p < 0.001 and not significant respectively, whereas 
the recoveries for the measured and certified values stand for NIST standard reference material SRM 1573 a ( 
tomato leaves). The LSD 0.05 indicates the least significant difference ( t-test at p <0.05 levels) between the 
mean values for Cu, Zn and Mn respectively. 
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Table 5.21  Changes in the concentrations of heavy metals and Mn in canola and oats leaves 
due to dewatered and composted biosolids applications in 2007 field experiment (mg/kg) 
Plant samples taken from dewatered biosolids treated canola and oats plots, 2007 
Concentrations of heavy metals in 
canola leaf expressed in mg/kg, 2007 
Concentrations of heavy metals in 
oats leaf expressed in mg/kg, 2007 
Dewatered 
biosolids 
rates(t/ha) Cu Zn Mn Cu Zn Mn 
0 7.8 ± 1.0 103 ± 70 31 ± 4 5.2 ± 0.4 48 ± 5 32 ± 3 
5 6.9 ± 0.8 95 ±5 1 32 ± 4 5.0 ± 0.5 28 ± 8 32 ± 1 
25 6.5 ± 0.1 177 ± 137 37 ± 4 5.0 ± 0.4 56 ± 14 34 ± 4 
45 6.7 ± 0.3 71 ± 3 60 ± 15 6.0 ± 0.1 44 ± 6 39 ± 4 
65 7.1 ± 0.6 167 ± 54 118 ± 31 7.0 ± 0.3 53 ± 12 55 ± 5 
LSD 0.05 ns ns 28.9* 0.7* ns 6.8*** 
Measured 3.33 ± 0.04 26.00 ±0.01 197 ± 1 3.1 ± 0.2 37±1 177 ± 1 
Certified 4.7 30.9 246 4.7 30.9 246 
Recovery  69 (%) 84 (%) 80 (%) 65 (%) 119 (%) 72 (%) 
Plant samples taken from composted biosolids treated canola and oats plots, 2007 
Concentrations of heavy metals in 
canola leaf expressed in mg/kg, 2007 
Concentrations of heavy metals in 
oats leaf expressed in mg/kg, 2007 
Composted 
biosolids 
rates (t/ha) Cu Zn Mn Cu Zn Mn 
0 6.4 ± 0.2 63 ± 18 33 ± 5 6.4 ± 1.1 nd 31 ± 3 
10 7.4 ± 0.5 97.5 ± 0.1 33.0 ± 0.1 5.6 ± 0.1 nd 30 ± 4 
30 6.6 ± 0.1 61 ± 13 43 ± 8 5.17 ± 0.03 nd 24 ± 1 
50 5.8 ± 0.3 60 ± 5 44 ± 9 7.5 ± 1.9 nd 24 ± 2 
70 5.6 ± 0.6 103 ± 24 33 ± 4 5.6 ± 0.5 nd 23 ± 4 
LSD 0.05 0.7** 27* ns ns ns 5.3* 
Measured 4.08 ± 0.11 45 ± 6 201 ± 0.8 4.1 ± 0.9 - 168 ± 8 
Certified 4.7 30.9 246 4.7 - 246 
Recovery 87 (%) 120 (%) 82 (%) 86 (%) - 68 (%) 
Values indicate means of triplicate measurements ,the superscripts *, **,*** and ns refers to significant 
treatment effects in ANOVA ( F-test) at p < 0.05, p < 0.01, p < 0.001 and not significant respectively, whereas 
the recoveries for the measured and certified values stand for NIST standard reference material SRM 1573 a ( 
tomato leaves). The LSD indicates the least significant difference ( t-test at p <0.05 levels) between the mean 
values for Cu, Zn and Mn. 
 
 
 
Discussion 
 
Several researchers (Hua et al. 2007; Samaras and Tsadilas 1997; Tsadilas et al. 1995) have 
reported a positive correlation between the concentration of heavy metals extracted by DTPA 
method and the respective concentrations in the plants.  
At low pH, heavy metals are more soluble (in the soil solution) and mobile. This increases 
their potential uptake by plants and greater possibility of movement through the soil profile 
(Epstein, 2003). McBride (1995) contended that as the organic matter decomposed, trace 
elements will be released into more soluble forms and result in increased uptake of metals 
from biosolids. 
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A number of researchers also suggested that the uptake of metals by various crops was not 
linear with heavy metals or sludge/biosolids’ application rate, but rather approached a 
maximum and then levelled or decreased, showing a plateau type response (Chaney and Ryan, 
1992; Logan and Chaney, 1983; Corey et al., 1987).  
The 2006 experiment showed that the uptake of Cu and Zn by canola was significantly higher 
than the oat crops in both dewatered biosolids and composted biosolids experiments, 
concentrations of Cu and Zn showed increasing trends. 
 In contrast, Cu in oat tissue increased at decreasing rates, whereas Zn exhibited a plateau type 
response where Zn levels in oats tissue increased and declined as biosolids loading rates 
increased (Fig. 5.16 and 5.17). 
Thus, the response of oats in terms of metal uptake from biosolids amended soil showed a 
plateau type response and was different from the canola crop. 
In the 2007 experiment, Cu and Mn in oats tissue were significantly different from the control 
plots (p < 0.01), but concentration of zinc was not different from the control plots (p > 0.05). 
The quantity of dewatered biosolids added during the two years periods was expected to be 12 
fold (NLBAR x 6 x 2 applications) times the recommended rate; however concentrations of 
Cu and Zn in canola shoot were very low compared with the unamended control plants 
demonstrating that there were negligible effects of biosolids applications at normal agronomic 
application rates on metal bioavailability at least in the short to medium.  
Wen et al. (2002a) conducted series of field experiments to evaluate the effects of dewatered 
digested, digested-irradiated and composted sludge, and composted livestock manure applied 
to a loamy sand soil (pH 6.6) on plant availability of Zn. The biosolids were applied up to a 
maximum rate of 40 t DS /ha/yr during two growing seasons and the crops grown were lettuce 
and snap bean and an ornamental plant. Composted biosolids significantly decreased the 
availability and crop uptake of Zn compared to the uncomposted sludges, moreover Zinc 
applied in composted sludge did not increase the crop Zn concentration.  
A positive correlation between Cu and Mn in oat tissue and their respective DTPA extractable 
concentrations in soil (r = 80** and r = 0.74**) were also observed which showed a slightly 
increasing trend as their respective extractable concentrations in soil increased (Fig.5. 18). 
Generally, DTPA extractable concentrations of Cu and Zn in soil and their respective 
concentrations in canola and oats leaf in the 2006 experiment were positively correlated 
indicating that the DTPA extraction can be used as a good predictor of plant available heavy 
metals in dewatered biosolids and composted biosolids amended clay loam soil. 
The exchangeable and water soluble forms of Cu could be available to plants (Shuman, 1991). 
Phytotoxicity of copper to most plants can occur at about 25 to 40 µg/g dry matter but the 
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normal Cu levels in plants ranges between 5 to 20 mg/kg dry matter (Chaney and Giordano, 
1977; Page, 1974). In this study the maximum tissue Cu concentrations of 15.8 and 7.0 µg/g 
dry matter were recorded at the 65 t/ha biosolids rates for canola and oats tissue respectively 
and did not affect the growth and performances of either crops. 
The uptake of Cu and Zn by plants is strongly regulated by plants ( Welch, 1995) and in some 
cases, plant tissue Cu levels were negatively related with Cu loadings ( Heemsbergen, 2009) 
and the use of bioconcentration factor to examine the relative availability of Cu is a challenge 
and provide inconclusive results ( McLaughlin, 2000). 
In this study, the relationship between soil total Cu and Zn residue was poorly related with Cu 
and Zn levels in canola tissue, particularly in dewatered biosolids treated canola plots. 
However, in composted biosolids treated plots, soil pH had raised the levels of Cu and Zn in 
canola and oat tissue. 
 
5.8. Mass balance of Cu and Zn 
 
The mass balance of Cu and Zn in dewatered biosolids amended soil and plants were 
conducted assuming soil bulk density of 1.24 g/cm3 and biosolids incorporation depth of 10 
cm (in reality the actual biosolids incorporation depth or plough depth is greater). In addition, 
plant samples were taken at 4-5 leaf stage for canola and 5-6 tillering stage for oats, rather 
than at harvesting stage and hence the impact of biosolids applications on soil heavy metals 
levels will considerably be less than shown by this study. 
The average crop uptake of Cu and Zn was calculated by multiplying the concentrations of Cu 
and Zn in plants (mg/kg) by the average biomass yield (kg/ha) for canola and oats. 
Hence, the mass balance for Cu and Zn in dewatered biosolids amended canola and oats plots 
was calculated by taking into account heavy metals residues left after the end of first year 
crop harvest and the amount of these heavy metals that were taken up by canola and oat crop. 
This was conducted by adding up the XRF determined total soil Cu and Zn values in 
dewatered biosolids amended soil and their corresponding concentration in canola and oats 
leaf  which were extracted using HNO3/H2O2 solution. The data presented in Table 5.22 and 
Table 23 shows the mass balance of Cu and Zn calculated without subtracting the 
concentration values of the unamended control plots in the 2006 dewatered biosolids amended 
canola and oats plots. 
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The recovery of Cu and Zn in the unamended control and at the higher dewatered biosolids 
(45 and 65 t/ha) treated canola plots were relatively similar (Table 5. 22). 
Likewise, in the oat plots, the recovery of Cu and Zn in the control and at the highest  
Table 5.22 Estimated levels of the accounted and unaccounted losses of Cu and Zn levels in 
soil and in canola crop after first year applications of dewatered biosolids ( kg/ha) 
Mass balance of Cu in canola plots 
Biosolids 
rates ( t/ha) 
Quantity 
ofCu 
applied 
 Cu 
residue  
in soil 
Cu 
uptake 
 
Sum of Cu 
residue 
and uptake 
Unaccounted 
balance 
Unaccounted 
balance (%) 
0 21.1 17.6 0.039 17.6 3.4 16 
5 24.3 18.4 0.029 18.4 5.9 24 
25 37.3 23.6 0.135 23.8 13.5 36 
45 50.2 31.6 0.218 31.8 18.4 37 
65 63.2 37.2 0.284 37.5 25.7 41 
Mass balance of Zn in canola plots 
Biosolids 
rates ( t/ha) 
Quantity 
of Cu 
applied 
 Cu 
residue  
in soil 
Plant 
uptake 
of Cu 
Sum of Cu 
residue 
and uptake 
Unaccounted 
balance 
Unaccounted 
balance (%) 
0 45.5 36.7 0.24 36.9 8.6 19 
5 50.8 41.4 0.17 41.6 9.2 18 
25 72.1 45.6 1.01 46.6 25.4 35 
45 93.3 62.9 1.67 64.7 28.6 31 
65 114.5 68.2 2.08 70.3 44.3 39 
Table 5.23  Estimated levels of the accounted and unaccounted losses of Cu and Zn in soil and 
in oats crop after first year applications of dewatered biosolids ( kg/ha) 
Mass balance of Cu in oats plots 
Biosolids 
rates  
( t/ha) 
Quantity 
ofCu 
applied 
 Cu residue  
in soil 
Cu uptake 
 
Sum of Cu 
residue and 
uptake 
Unaccounted 
balance 
Unaccounted 
balance (%) 
0 21.1 17.26 0.03 17.29 3.8 18 
5 24.3 18.74 0.06 18.80 5.5 23 
25 37.3 26.10 0.08 26.18 11.1 30 
45 50.2 30.44 0.14 30.58 19.7 39 
65 63.2 30.48 0.16 30.64 32.6 52 
Mass balance of Zn in oats plots 
Biosolids 
rates  
( t/ha) 
Quantity 
ofCu 
applied 
 Cu residue  
in soil 
Plant 
uptake 
of Cu 
Sum of Cu 
residue and 
uptake 
Unaccounted 
balance 
Unaccounted 
balance (%) 
0 45.5 38.1 0.13 38.2 7.4 16 
5 50.8 39.7 0.50 40.2 10.6 21 
25 72.1 51.7 0.68 52.4 19.6 27 
45 93.3 57.2 1.13 58.4 34.9 37 
65 114.5 58.4 1.38 59.7 54.8 48 
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(65 t/ha) dewatered biosolids application were not significantly different from each other 
(Table 5.23). 
The observed recoveries of Cu and Zn in the unamended control plots for both canola and oat 
plots treated with dewatered biosolids were higher than those recorded at the highest 
dewatered biosolids applied plots. In addition, as dewatered biosolids application increases, a 
decreasing trend in the recoveries of the heavy metals were also observed, this was because 
Cu and Zn are associated with organic matter and the decomposition of organic matter 
through time coupled with the influence of irrigation may have exacerbated and increased the 
down ward mobility of biosolids Cu and Zn beyond the 10 cm sampling depth. 
Similar findings were also reported by Baveye et al. (1999) in which case losses of sludge-
borne metals ranged from a low of 39 % for Cu and Pb to a high of 60 % of Ni.  
Hinesly et al. (1984b) based on total heavy metals data reported deficits in metals mass 
balances. Campbell and Beckett (1988) reported significant increases of Cu and Zn 
concentrations to a depth of 40-60 cm. Conversely, Brown et al. (1997) report the tendency of 
some metals to move deeper than 80 cm soil depth in long-term plots treated with alkaline 
sludge products. 
The contribution of plant uptake of heavy metals to the mass balance was very low, however, 
to some extent it is also expected that the HNO3/H2O2 extracting solution was not strong 
enough to completely dissolve Cu and Zn from canola and oat leaf. In addition to this, the 
uptake of heavy metals by weeds may have slightly contributed to some of the losses of Cu 
and Zn from the amended soil. Moreover, the bulk density of the soil was not measured, but 
approximate value (1.24 g/cm3) was taken, however the density of the soil may or may not be 
greater than the approximate value used in the computation. 
 
5.9. Predicting the maximum biosolids application rates based on 
metals 
 
Both biosolids products were added based on NLBAR for the two crops and in 2007 the same 
application rates were repeated. It is under this assumption that the maximum biosolids 
application rates to reach EPA Victoria Victoria maximum ceiling limits for Cu and Zn was 
computed. 
Hence, to predict the maximum biosolids application rates and reach the EPA Victoria 
maximum ceiling limits for Cu and Zn concentrations, equations were estimated from the 
regression coefficients data presented in Table 5.4 and 5.8. The estimated equations describe 
the relationship between repeated dewatered biosolids and composted biosolids applications 
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and concentrations of the heavy metals (Cu and Zn) residuals remaining at the end of the two 
years experiment. Thus, values of the EPA Victoria maximum ceiling limits for Cu and Zn 
concentrations were inserted into the estimated equations as dependent variable and the 
possible maximum biosolids application rates were calculated. 
The results indicated that the maximum dewatered biosolids that can be applied in canola 
plots to reach the EPA ceiling limits on average ranged between 381-1345 t dry solids/ha for 
Cu and 482-635 t/ha for Zn respectively. Similarly, in the oats plots, for Cu and Zn levels not 
to exceed the EPA Victoria maximum ceiling limits, dewatered biosolids can be applied 
ranging between 322-1123 t/ha for Cu and 373-490 t/ha for Zn respectively ( Table 5.24). 
The predicted values for composted biosolids application rates that can be applied in canola 
plots with out exceeding the EPA maximum ceiling limits for Cu were relatively similar 
(Table 5.24). 
When the two crops were compared, the predicted maximum dewatered biosolids and 
composted biosolids application rates for canola crop were slightly higher than for the oats. 
Indeed, the predicted maximum biosolids application rates calculated for Cu was significantly 
higher than the corresponding values for Zn, hence the upper limit of dewatered biosolids 
application rate for Zn (635 t/ha) in canola plots and (490 t/ha) in oats plots were taken to 
calculate the number of years that dewatered biosolids need to be applied to reach the 
maximum EPA Victoria ceiling limits for Zn concentrations. Though, it exceeds the N and P 
requirements of the two crops, particularly for the clay loam soil used in this study, dewatered 
biosolids could be applied consecutively at 65 t/ha/yr for 10 years in canola plots and 8 years 
in oats plots. Alternatively, if biosolids were added at agronomic rate (1NLBAR for canola 
which is equivalent to 10 t ds/ha), dewatered biosolids could be applied consecutively for 64 
years. For the oat crop since 1NLBAR was equivalent to 11 t/ha ds, thus dewatered biosolids 
could be applied for 45 successive years to reach the Victorian EPA maximum ceiling limits 
for Zn. In practice, biosolids would be applied once in a crop rotation (for reasons of P 
management), therefore in reality it may take >200 years in total to reach the soil limits. 
Furthermore, the metal accumulation models are based on a cultivation depth of 10 cm, in 
practice the plough depth may be 25 cm, so the maximum concentration might not be attained 
for 500 years in practice (Table 5.24).  
Results of the study have shown that even though Cu and Zn concentrations in both biosolids 
were substantially higher than the soil background concentrations, there were no risks of soil 
contaminations resulting from elevated levels of Cu and Zn from the applications of these 
particular biosolids over the two consecutive years. 
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Table 5.24 The maximum predicted  biosolids application rates to reach the EPA Victoria 
maximum ceiling limits  for Cu and Zn levels in biosolids amended canola and oats plots 
Dewatered biosolids amended canola and oats plots 
 
Heavy 
metals 
 
Predicting  
equations 
 
R2 
 
Residuals at the 
highest loading 
rate ( mg/kg dm) 
 
Predicted 
maximum 
loading rate  
( t/ha) 
 
EPA Victoria 
maximum 
ceiling limits  
( mg/kg dm) 
Canola plots 
Cu y = 0.2074x + 20.98 0.95 45 381-1345 100-300 
Zn y = 0.3268x + 42.49 0.97 82 482-635 200-250 
Oats plots 
Cu y = 0.2498x + 19.40 0.95 49 322-1123 100-300 
Zn y = 0.4287x + 39.99 0.94 90 373-490 200-250 
Composted biosolids amended canola and oats plots 
Canola plots 
Cu y = 0.2122x + 18.22 0.99 48 385-1328 100-300 
Zn y = 0.577x + 39.46 0.99 121 277-364 200-250 
Oats plots 
Cu y = 0.2579x + 15.29 0.99 51 328-1104 100-300 
Zn y = 0.7604x + 32.53 0.98 139 220-286 200-250 
 
The residuals at the highest loading rates refer to the quantity of Cu and Zn remained at the highest 
dewatered ( 65 t/ha) and composted  (70 t/ha) biosolids treated plots  at the end of the two years period, 
whereas y stands for the analytes Cu and Zn and x stands for dewatered biosolids 
 
 
5.10. Implications for sustainable utilization of nutrients from biosolids  
 
Sustainable use of biosolids requires the use of nutrients in biosolids at or below the 
agronomic loading rate and/or use of the soil conditioning properties of biosolids; it also 
involves protection of human health, the environment and soil functionality (EPA Vic., 2004). 
In this study, the highest concentrations of total heavy metals (Cu and Zn) observed after two 
years of successive application of dewatered and composted biosolids did not exceed the 
Victorian EPA maximum permissible limits. In addition, the levels of Mn, Fe and Pb 
accumulated in the soil were not high and did not show any negative impact on the 
performance of either crops or on the receiving soil.  
The study clearly showed that the oats-canola cropping sequence had significantly lower 
residuals of extractable Cu, Zn and Fe in the amended soil after the end of the two year 
experiment.  
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The results of the study could be used as inputs to refine and update the Victorian guidelines 
for land application of biosolids in a clay loam soil with due emphasis given on site specific 
biosolids applications incorporating crop rotation taking into account soil physical properties 
particularly pH, CEC, clay content and organic matter. 
Dewatered biosolids slightly reduced the pH of the soil at the higher application rates, while 
composted biosolids raised the soil pH. 
The selection of crops based on their heavy metal uptake potential under different crop 
rotation regime needs to be considered so as to sustainably utilize biosolids nutrients and 
decrease heavy metals accumulations in the amended soil. The crop rotation may include 
grasses-legumes and legumes-grasses. 
 
 
5.11. Conclusion 
 
Application of dewatered and composted biosolids significantly increased the total and DTPA 
extractable Cu, Zn, Mn, and Fe in the amended soil. However, Total Cu and Zn 
concentrations determined by XRF even at the highest 65 and 70 t/ha dewatered and 
composted biosolids amended plots did not exceed the maximum EPA permitted ceiling 
limits for soils receiving biosolids used for plant production. The study also showed that the 
concentrations of DTPA extractable soil Zn and Fe residue recorded after two years of the 
canola-oats rotation were significantly higher than the levels found after the oats-canola 
cropping sequence, it is expected that the organic acids released by canola roots  perhaps  
decompose the organic matter thus adding soluble metals into the soil. Moreover, the 
decomposition of canola roots residue might release organic acids into the soil which may 
change the insoluble metals into soluble forms and hence increase the soluble fractions of the 
metals in the canola-oats cropping sequence. 
This needs further investigation taking into account the effect of rotating canola with cereals 
on the microbial community and hence the release of microbial nutrients into the soil under 
glasshouse and field conditions. 
Biosolids application significantly affected soil pH, where a decrease and an increase in soil 
pH were observed following dewatered and composted biosolids applications respectively. 
Significant positive correlations between DTPA extractable metals and their respective 
concentrations in plant tissue were also observed, confirming the use of DTPA as reliable 
estimator of plant available heavy metals in soil.  
Among the metals investigated, this study showed that the uptake of Cu and Zn by canola was 
significantly higher than the control plots and was linear. Uptake of Cu and Zn by oats 
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showed a plateau type response. In addition to this, the concentration of Cu and Zn in canola 
was considerably higher than the levels observed in oats leaves, hence the use of canola in 
rotation with other cereal crops on biosolids amended soil may assist in the control of Cu and 
Zn in biosolids amended soil. However, biosolids application should also consider soil 
properties such pH, organic matter, CEC and clay content of the biosolids receiving soil. 
As a regulatory requirement, periodic monitoring of pH of the biosolids amended soil would 
be important for the possible prediction of the potential acidifying effect of biosolids. Since 
soil pH has major effect on metals solubility and their subsequent transfer to plant system.  
And hence, in sandy acidic soils, if biosolids are applied repeatedly, the total Cu and Zn levels 
in biosolids amended soils need to be monitored on a regular basis to protect the soil quality. 
Periodic monitoring of total heavy metals levels in biosolids amended soil would be necessary 
to check whether heavy metal levels exceed the EPA maximum ceiling limits or not. 
The present experiment demonstrated that biosolids can be used for a number of years as a 
source of plant nutrients with no adverse effect of heavy metals accumulated either in the 
crops or on the receiving soil. 
Although, the biosolids had minor negative impact in terms of heavy metals accumulation in 
the amended soil and in plants, the field experiments showed that crop rotation in biosolids 
amended soil may also serve as an option to slightly reduce the impact of DTPA extractable 
heavy metals residuals that may be added into the soil from the biosolids.  
It would be essential to further examine the levels of plant nutrients N, P and S accumulated 
at various dewatered biosolids and composted biosolids loading rates in the amended soil, and 
the next chapter discusses the concentrations of N, P and S that remained in biosolids 
amended soil after two years successive applications of the two biosolids under field 
conditions. It also describes the levels of N and P uptake by canola and oat crops after each 
year’s crop harvest. 
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CHAPTER 6. CHANGES IN NITROGEN, PHOSPHORUS AND 
SULFUR IN SOIL AND PLANTS AFTER TWO YEARS 
SUCCESSIVE APPLICATION OF BIOSOLIDS 
 
Introduction 
 
This chapter discusses the nutrient (N and P) responses observed in 2006 and 2007 before and 
after rotation of canola and oats in biosolids amended soils and in plants during field trials in 
which the crops were grown in rotation. It also describes the influence of crop rotation on the 
levels of N and P residues accumulated in biosolids amended soil.  
Total N was analysed by a Leco FP auto carbon and nitrogen analyser, whereas total P was 
determined by X-ray fluorescence (XRF) spectrometry. The NO3-N and PO4-P fractions in 
biosolids amended soil and plants were determined by flow injection analysis, while NH4-N was 
determined by segmented flow analysis. The purpose of such quantification was to assess and 
evaluate the effect of applications of different rates of dewatered and composted biosolids on the 
residuals of these nutrients remaining in the amended soil and in plants after each year’s crop 
harvest during the two years period of the field experiment. 
The objective was to investigate the effect of various dewatered and composted biosolids 
applications on total and extractable N and P in soil and in plant tissues and their relationship 
under a canola and oats cropping regime. The study also examined the effect of biosolids 
amendment rates on the total sulfur status of a clay loam soil at WWSP Victoria. 
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6.1. Total Nitrogen in biosolids amended soil 
 
The long term value of biosolids applications could be the provision of supplying slow 
conversion of organic-N to inorganic-N fractions during the growing season of the crop. 
 Nitrogen is critically essential for growth of many of the crops grown on biosolids amended 
soils; it is present in sludge in both organic and inorganic fractions, the quantity being dependent 
on the method of sewage and sludge treatment processes (Smith, 1992; Smith, 1996; Erhart et al. 
2005).  
 
Table 6.1 Average values of total nitrogen in ASPAC standard reference materials (STD 75, 
STD55 and compost 5 for soil and compost, analyzed using Leco FP 2000 auto carbon and 
nitrogen analyzer 
Measured (%) Certified acceptance ranges (%) 
SRMs TN TC TN TC 
 STD 75 0.101 ± 0.008 1.43 ± 0.08 0.085 - 0.145 1.14 - 1.56 
STD 55 0.122 ± 0.005 2.53  ± 0.003 0.097 - 0.177 1.7 - 2.9 
Compost 5 0.545 ± 0.016 46.1 ± 0.8 0.5526 - 0.6486 43.63 - 47.27 
STD 75 and STD 55 stands for soil and compost 5 for compost standard reference materials.  The measured 
values indicate mean and standard deviation of triplicate measurements 
ASPAC: Australian Soil and Plant Analysis Council. 
 
 
6.1.1. Data validation and analytical accuracy 
 
Australian Soil and Plant Analysis council (ASPAC) standard reference materials (STD 75, 
STD55 and compost 5 for soil and compost) were analysed for total nitrogen and total carbon 
concentrations as a measure to validate the accuracy of the results obtained from Leco FP 2000 
auto carbon and nitrogen analyser.  
Table 6.1 shows the average values of ASPAC standard reference materials (STD 75, STD55 and 
compost 5 for soil and compost, STD143 and STD63 tea and eucalyptus leaves for plants 
reference materials analysed using Leco FP 2000 auto carbon and nitrogen analyser. The 
measured values for total nitrogen and carbon in soil and total nitrogen in plant standard 
reference materials were all in the certified acceptance ranges indicating good agreement.  
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6.1.2. Changes in TN in dewatered biosolids and composted biosolids 
amended soil 
 
Table 6.2 shows the levels of total-N, NH4-N, NO3-N and total- C in soil and biosolids before the 
start of the experiment (June 2006). The total-N pool and NH4-N levels contained in dewatered 
biosolids were considerably higher than composted biosolids; however, as expected composted 
biosolids had greater NO3-N concentrations than dewatered biosolids.  
 
 
Table 6.2 Concentrations of total and extractable N in soil and in the biosolids 
used for the experiments. 
Analytes Soil Dewatered biosolids Composted biosolids 
Total- N % 0.17 ± 0.002 4.22 ± 0.005 1.44 ± 0.003 
NH4-N(µg/g) 5.1 3740 na 
NO3-N (µg/g) 2.9 830 1864 
 
Total N was determined by Leco FP auto carbon and nitrogen analyzer, whereas NO3-N and 
NH4-N were analyzed by flow injection analyzer (FIA) and segmented flow analysis (SFA), 
respectively 
 
 
Biosolids amended soil samples were taken after the end of each year crop harvest (in 2006 and 
2007) and analysed to examine the impacts of dewatered and composted biosolids loading rates 
on the nitrogen pool in the soil during the two years period. The results are shown in Figure 6.1. 
 
 
 
 
 
 201 
 
 
 
 
 
 
 
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0 5 25 45 65 F
Dewatered biosolids rates 
(t/ha), 2006
To
ta
l n
itr
o
ge
n
 
in
 
am
en
de
d 
so
il 
(%
)
Canola plot
Oats plot 
LSD0.05 = 0.043*
LSD0.05 = 0.024***
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0 5 25 45 65 F
Dewatered biosolids rates 
(t/ha), 2007
To
ta
l n
itr
o
ge
n
 
in
 
am
en
de
d 
 
so
il 
(%
)
Canola plot
Oats plot
LSD0.05 = 0.036**
LSD0.05 = 0.045***
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0 10 30 50 70 F
Composted biosolids rates 
(t/ha), 2006
To
ta
l n
itr
o
ge
n
 
in
 
am
en
de
d 
so
il 
(%
)
Canola plot
Oats plot 
LSD0.05 = 0.015***
LSD0.05 = 0.048***
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0 10 30 50 70 F
Composted biosolids rates 
(t/ha), 2007
To
ta
l n
itr
o
ge
n
 
in
 
am
en
de
d 
so
il 
(%
)
Canola plot
Oats plot
LSD0.05 = 0.042***
LSD0.05 = 0.040**
Figure 6.1 The change in the mean values of soil TN in canola and oats plots under increasing 
applications rates of dewatered biosolids and composted biosolids in 2006-2007 field 
experiments.  
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Table 6.3  Concentration of TN ( total nitrogen) in dewatered and composted biosolids 
amended soil samples taken after first and second crop harvest from canola and oats plots  
Effect of dewatered biosolids amendment on TN ( in 2006 and 2007) 
Amended soil samples from canola 
plot 
Amended soil samples from oats plot Biosolids rates ( 
t/ha) TN (%) 2006 TN(%) 2007 TN (%) 2006 TN (%) 2007 
0 0.15  (0.02) 0.16 (0.0001) 0.14  (0.001) 0.15 (0.0001) 
5 0.15  (0.03) 0.18 (0.01) 0.15  (0.01) 0.19 (0.001) 
25 0.18  (0.03) 0.22 (0.001) 0.19  (0.03) 0.22 (0.02) 
45 0.19  (0.01) 0.26 (0.02) 0.19  (0.02) 0.26 (0.02) 
65 0.21  (0.01) 0.28 (0.02) 0.21  (0.01) 0.28 (0.02) 
Fertilized  0.15  (0.03) 0.17 (0.0001) 0.14  (0.00) 0.17 (0.01) 
LSD 0.05 0.043* 0.036** 0.024*** 0.045** 
Effect of composted biosolids amendment on TN in soil ( 2006 and 2007) 
0 0.14  (0.0001) 0.15 (0.0001) 0.14  (0.01) 0.17 (0.0001) 
10 0.16  (0.01) 0.21 (0.03) 0.15  (0.01) 0.20 (0.001) 
30 0.17  (0.01) 0.23 (0.0001) 0.19  (0.01) 0.21 (0.03) 
50 0.20  (0.01) 0.33 (0.01) 0.23  (0.04) 0.29 (0.02) 
70 0.22  (0.02) 0.35 (0.01) 0.30  (0.04) 0.32 (0.00) 
Fertilized Plot 0.14  (0.01) 0.16 (0.01) 0.13  (0.01) 0.16 (0.01) 
LSD 0.05 0.0151*** 0.042*** 0.048*** 0.040** 
 
Figures in parenthesis indicate standard deviation f triplicate measurements whereas, *, **, *** and ns refers 
to significant treatment effects in ANOVA (F-test) at  p < 0.05, p < 0.01 p < 0.001 level respectively 
 
 
  Year 1 
 
Figure 7.1 shows the variation in total N for each biosolids type, on each crop for each year.  
In the 2006 biosolids plot trial ( before rotation), dewatered biosolids application had a significant 
( p < 0.05 and p < 0.001) effect on the level of soil total N, changing on average from 0.15 to 
0.21 % in canola and from 0.14 to 0.21 % in oats plots respectively in the plots with the highest 
biosolids loading rates.  
Composted biosolids applications in 2006 also significantly increased the level of soil total N (p 
< 0.001) changing from 0.14 to 0.22 % in canola and from 0.14 to 0.30 % in oat plots 
respectively (Fig.6.1). 
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Year 2 
 
In 2007, reapplying dewatered biosolids at the same rate as 2006 resulted in an increase in soil 
total N from 0.16 to 0.28 % in canola and from 0.15 to 0.28 % in oats plots (p < 0.01). The 
maximum percent total N in amended soil was recorded at the highest (65 t/ha) dewatered 
biosolids loading rate. 
The effect of repeated application of dewatered biosolids in 2007 (after rotation) increased the 
level of total N in the amended soil by 0.07% in canola and by 0.07 % in oats plots (p < 0.01). 
There was no significant difference (p > 0.05) in residual total N in the soil between canola and 
oats plots receiving dewatered biosolids.  
The application of composted biosolids increased the level of total N (p < 0.001) changing from 
0.15 to 0.35 % for canola and from 0.17 to 0.32 % for oats plots respectively. The highest soil 
total N was recorded in the 70 t/ha composted biosolids treated plots. However, repeated 
application of composted biosolids had similar effect in which case total N increased by 0.2 % 
and by 0.15 % in canola and oats plots respectively. 
The effect of canola-oats and oats-canola cropping sequence on the level of soil total N was 
compared in terms of the net total N levels accumulated at the end of the two years experiment 
and the results are summarized in Table 6.4. 
 
 
Table 6.4 The effect of cropping sequence on the level of soil total N residuals accumulated in 
dewatered and composted biosolids amended canola and oats plots at the end of the two years 
experiment   ( expressed in mg/kg) 
Cropping sequence in dewatered biosolids treated plots 
Analytes Yr 1 canola Yr 2 oats Yr 2 - Yr 1 Analytes Yr 1 oats Yr 2 canola Yr 2 – Yr 1 
Total N 600 1300 700 Total N 700 1200 500 
Cropping sequence in composted biosolids treated plots 
Analytes Yr 1 canola Yr 2 oats Yr 2 – Yr1 Analytes Yr 1 oats Yr 2 canola Yr 2 – Yr 1 
Total N 800 1500 700 Total N 1600 2000 400 
 
Dewatered biosolids and composted biosolids amended soil samples were taken after each year crop harvest and 
total N was determined using Leco FP auto carbon and nitrogen analyzer.  
Concentrations of soil total-N residue left at the highest 65 t/ha and 70 t/ha dewatered biosolids and composted 
biosolids treated plots was subtracted from the unamended control plots to compare the effect of cropping 
sequence on N residues accumulated in soil. 
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When the amount of total N left at the end of year 1 was subtracted from the amount of N 
remained at the end of year 2, in both dewatered and composted biosolids treated plots slightly 
lower total N was observed for oats-canola rotation than the levels found in the canola-oats 
cropping sequence (Table 6.4).  
 
6.2. NO3-N residue in biosolids amended soil 
 
Nitrification is the aerobic conversion of ammonium (NH4- N) into nitrite (NO2-) and nitrate 
(NO3-N) by nitrifying bacteria. The conversion of NH4- N to NO3-N by Nitrosomonas and 
Nitrobacter bacteria enhances the mobility of N in soil (because of the dominance of negatively 
charged surfaces on soil colloids), potentially increasing N availability to plants, but also 
increasing the loss of NO3-N via leaching. The process of nitrification has a net acidifying effect 
on the soil and the resulting drop in soil pH which may alter the availabilities of other plant 
nutrients (Paul and Clark 1996). The nitrification process (oxidation of NH4-N into NO3 by 
nitrifying bacteria) as described by Geradi, (2002) is represented by the equation:  
energyHOHNOasNitrosomonONNH +++ →+− +− 25.1 2224  
energyNOrsNitrobacteONO + →+ −322 5.0  
 Biosolids amended soil samples which were taken during summer season after each year 2006 
and 2007 crop harvest were analysed to examine the impacts of different biosolids applications 
rates on the level of NO3-N residues accumulated after each year’s application of the two 
biosolids types. 
 
6.2.1. Validation of analytical data for NO3-N in biosolids amended soil 
 
Concentrations of NO3-N and NH4-N in biosolids amended soil were extracted using 2 M KCl 
solution (Keeny and Nelson, 1982) and NO3-N was analysed by flow injection analysis using the 
cadmium reduction method (Technicon Instrument Corporation, 1971), whereas NH4-N was 
determined by segmented flow analysis  utilizing the Berthelot reaction according to the phenate 
method (Searle, 1984).  
To validate the accuracy of soil NO3-N data, soil extracts were spiked with a known 
concentration of NO3-N standards ranging from 0.8 to 1.6 µg/g and analysed in duplicate. The 
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percent recoveries of the spiked samples compared with the unspiked samples were on average 
94 % for the amended soil (Table 6.5). 
The precision of the soil extraction procedures for NO3-N analysis were also evaluated by 
extracting and analysing five replicate soil and plant samples. The coefficient of variation was 2.4 
% for soil indicating good precision of the extraction procedure. 
Obviously, while carrying out flow injection analysis, varying flow rates, temperature change and 
inefficient reduction of the sample in the cadmium column may lead to biased results, hence 
instrument drift was checked by analysing the highest NO3-N standard (1.6 µg/g) at the beginning 
and end of the analysis and the recovery on average was 98.8 % indicating only a minor 1.2 % 
instrument drift.  
 
 
Table 6.5 The recovery of NO3-N in 2M KCl soil extracts and analyzed by 
flow injection analysis using the cadmium reduction technique. 
                                               Soil NO3-N 
Measured concentrations (mg/L)  
Spiked concentration 
(mg/L) 
Unspiked sample Spiked samplea 
 
Recovery (%) 
1.6 0.12 ± 0.02 1.53 ±  0.03 88 
0.8 0.26 ± 0.00 1.03 ±  0.00 96.2 
0.8 0.155 0.95 ±  0.04 99.0 
 
Two spiking procedures were followed, first, 2 mL of the 20 mg/L  NO3-N  standards was 
taken and spiked in 50 mL volumetric flask ( 0.8 mg/L  NO3-N  ) and analyzed and the 
percent recovery was calculated, the second procedure was that 2ml of the 20 mg/L  NO3-N  
was taken and spiked in 25 mL volumetric flask ( 1.6 mg/L  NO3-N )  containing soil 
extracts and analysed the percent recovery determined 
 
 
6.2.2. Changes in NO3-N in biosolids amended soil 
 
Year 1   
 
In the 2006 trial, when the control and the highest dewatered biosolids treated plots (65 t/ha) after 
crop harvest were compared, NO3-N levels significantly increased from 0.06 to 1.78 mg/kg in 
canola plots and from 6 to 21 mg/kg in the oats plot (p < 0.001).  
Composted biosolids loading rates also significantly increased the NO3-N levels from 4.4 to 13 
mg/kg in the canola plots and from 2.4 to 4.0 mg/kg in the oat plots (Fig.6.2). Statistical analysis 
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of the soil residual NO3-N of the two crops showed a significant difference between canola and 
oats plots treated with dewatered biosolids in which 13 mg/kg more NO3-N was recorded in the 
soils from the oat plots than from canola plots.  
Comparing the influence of the two biosolids types, 6.85 mg/kg more NO3-N was observed in 
canola plots treated with composted biosolids than in the oats plots, thus overall more NO3-N was 
found in the oats plots than in canola plots (Fig.6.2).  
 
Year 2 
 
In the 2007 trial, repeated application of dewatered biosolids increased the concentration of NO3-
N from 9 to 57 mg/kg in the canola plots and from 9 to 56 mg/kg in the oat plots. There was also 
a similar increase for composted biosolids treated canola plots changing from 10 to 60 mg/kg but 
quite a different response in the oat plots increasing from 11 to 17 mg/kg respectively . 
There was no significant difference in terms of soil NO3-N between canola and oats plots treated 
with dewatered biosolids. However, 43 mg/kg more NO3-N was recorded in canola plots treated 
with composted biosolids than in the oats plots. 
There was no significant difference in the level of soil NO3-N between canola plots treated with 
dewatered and composted biosolids, but a 41 mg/kg more NO3-N was recorded in oats plots 
treated with dewatered biosolids than composted biosolids treated oats plots (Fig.6.2). 
 In the 2006 and 2007 composted biosolids amended oats plots, the soil NO3-N residue levels 
were very low and this was not expected, however the possible reason for this results would be, 
after sampling the composted biosolids amended soils, the samples were left for longer period of 
time during the air drying procedure and NO3-N was the most unstable element and therefore 
significant proportion of the NO3-N component might have been lost through denitrification or 
ammonia volatilization. 
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Figure 6.2 The effect of dewatered and composted biosolids application rates on the level of 
NO3-N accumulated on the top 10 cm of soil in canola and oats plots in 2006 and 2007 field 
experiments.   The LSD 0.05 values refers to the least significant difference (t-test) between the 
mean values of NO3-N at 5 % probability, whereas ** and *** refers to significant treatment 
effects in ANOVA (F-test) at p < 0.01 and p < 0.001 levels respectively. 
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6.3. Leaching of NO3-N down the soil profile  
 
The leaching of NO3-N following biosolids application in most cases could potentially 
contaminate the ground water, thus NO3-N leaching can be a limiting factor for long term 
feasibility of agricultural land application of biosolids (Polgase and Robinson,  1996).  
High compost application rates (90 t/ ha fresh weight) have been shown to increase leaching of 
NO3-N (Mamo et al., 1999). For this reason, the concentrations of NO3-N possibly leaching 
down the soil profile in the amended soil using only the highest biosolids treated plots was 
investigated and presented for each biosolids and crop types.  
Comparisons of NO3-N levels at various soil depths were made between the unamended control 
and the highest (65 and 70 t/ha) dewatered biosolids and composted biosolids receiving plots. 
Comparisons were also made between biosolids and crop types during the two years of the field 
experiment. 
 
Year 1 
 
In 2006, concentrations of NO3-N recorded at various soil depths for the highest (65 t/ha) 
dewatered biosolids amended canola and oats plots were significantly (p < 0.001) higher than the 
levels observed in the unamended control plots. The highest soil NO3-N concentrations of 45 and 
50 mg/kg were recorded in the top 0-20 cm of soil for both canola and oats plots.  
The maximum soil NO3-N levels in the control plots (8.6 and 10 mg/kg) were recorded at the 60 
and 40 cm soil depths. As soil depth increased, a decreasing trend in the level of soil NO3-N was 
noted and most of the soil NO3-N levels were accumulated in the 20-60 cm soil depth.  
When the control plot was compared with the highest dewatered biosolids rates (65 t/ha), the 
concentration of NO3-N in the 0-20 and 20-40 cm soil depths were 10 and 4 fold greater for 
canola and 11 and 5 fold greater for oats plot respectively ( Fig 6.3). 
 
Year 2 
 
 In the 2007 dewatered biosolids trial, NO3-N levels recorded at the various soil depths of the 
highest (65 t/ha) dewatered biosolids amended canola and oats plots were significantly (p < 
0.001) higher than the unamended control plots. The highest soil NO3-N concentrations (64 and 
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136 mg/kg) were observed in the top 20 cm for the canola and oats plots respectively, indicating 
a significantly (p < 0.001) higher amount of NO3-N was accumulated in oats plots than in canola 
plots. When the control plot was compared with the highest dewatered biosolids rates (65 t/ha), 
the level of NO3-N in the 40-60 cm soil depth was 13 and 45 fold greater for canola and oats 
plots respectively. 
In the composted biosolids trial, NO3-N levels recorded at the highest (70 t/ha) treated canola 
plots were statistically different (p < 0.001) from the control plots. 
As NO3-N release from compost is usually small, the composted biosolids treated oat plots were 
not significantly different from the control plots (Fig 6.3 and Appendix H Table H-1), this was 
not unexpected, however as described above under section 6.2.2, the soil samples taken from 
composted biosolids amended oats plots were left for longer period during the air drying process 
and NO3-N may have lost through various routes. 
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Figure 6.3 Leaching of NO3-N at various soil depths for the highest application rates of 65 and 
70 t/ha dewatered and composted biosolids amended soils compared with unamended controls 
plots, taken from canola and oats plots in 2006 and 2007 field experiments.  The error bars 
represent standard deviations of triplicate measurements. 
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6.4. The influence of applied biosolids on total N in plant tissue 
 
Plant analysis has been developed primarily to provide useful information on the nutrient status 
of plants as a guide to nutrient management for optimum crop production. Increasingly, it is 
being used to safeguard the environment from over fertilization of crops and pastures (Reuter and 
Robinson, 1997).  
Total N in plant tissue was analysed to examine the effect of biosolids and crop types on the level 
of total N uptake by canola and oats crops. Canola and oats leaves were analysed for total N 
concentration at particular growth stages of the plants and the results are described below:  
 
6.4.1. Data validation and analytical accuracy 
 
Table 6.6 shows the analytical results of ASPAC plant standard reference materials (STD143 and 
STD 63 tea and eucalyptus leaves) analysed for total nitrogen using Leco FP 2000 auto carbon 
and nitrogen analyser. The measured values for total nitrogen in plant standard reference 
materials were all in the certified acceptance ranges indicating good agreement. 
 
Table 6.6 Recovery of ASPAC plant standard reference materials analyzed for total nitrogen 
using Leco FP auto carbon and nitrogen analyzer to validate the total nitrogen data for canola 
and oats shoots. 
Standard reference materials Measured values  
TN (%) 
Certified acceptance ranges  
TN (%) 
STD 143 4.190 ± 0.010 3.74 - 4.73 
STD 63 0.996  ±  0.001 0.866 - 1.194 
STD 143 and STD 63 stand for Tea and Eucalyptus leaves standard reference materials.  The measured values 
indicate mean and standard deviation of triplicate measurements.  
ASPAC: Australian Soil and Plant Analysis Council. 
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6.4.2. Changes in total N in plant tissue due to biosolids application 
 
Year 1 
 
As would be expected, the highest level of plant total N in canola and oats tissue in the 2006 plot 
trial was observed at the 65 t/ha dewatered biosolids application rate. 
Plant leaf analysis in the 2006 plot trial showed that dewatered biosolids rate (65t/ha) 
significantly increased (p < 0.01) the level of TN in canola and oats plant matter from 5.7 to 7.1 
and from 2.2 to 4.9 %, respectively.  
In the 2006 trial the net total N accumulated due to dewatered biosolids application in plant 
matter was 1.48 and 2.27 % for canola and oats crops respectively. 
However, composted biosolids loadings rates had no significant effect on the level of TN in 
canola and oats plant matter (Fig 6.4). 
 
Year 2 
 
In the 2007 trial, both biosolids types were reapplied at the same rate as in 2006 and TN 
significantly increased changing from 5.0 to 7.2 % in canola leaves and from 3.3 to 4.1 in oat 
leaves when treated with dewatered biosolids. A similar increase (from 5.1 to 6.8 %) was 
observed in canola leaves treated with composted biosolids; nevertheless, the effect of composted 
biosolids on TN in oat leaves was not significant. 
Hence, in 2007 the net total N accumulated in plant matter due to dewatered biosolids application 
was 2.14 and 0.83 % for canola and oats crops respectively (Fig 6.4). 
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Table 6.7. The effect of dewatered biosolids and composted biosolids applications on the 
levels of total nitrogen (%) in canola and oat leaves in 2006 and 2007 field experiments. 
                           2006                            2007 Dewatered 
biosolids ( t/ha) TN in canola  
leaf 
TN in oats  
leaf 
TN in canola  
leaf 
TN in oats  
leaf 
0 5.7 ± 0.3 2.2 ± 0.3 5.0 ± 0.7 3.3 ± 0.3 
5 5.8 ± 0.4 2.9 ± 0.6 5.7 ± 0.4 3.0 ± 0.3 
25 6.6 ± 0.3 3.0 ± 0.2 6.4 ± 0.1 3.9 ± 0.3 
45 6.9 ± 0.1 3.6 ± 0.3 6.8 ± 0.1 4.3 ± 0.1 
65 7.1 ± 0.1 4.9 ± 0.3 7.2 ± 0.3 4.1 ± 0.2 
Fertilized 6.6 ± 0.4 3.2 ± 0.1 6.4 ± 0.4 3.7 ± 0.3 
LSD 0.05 0.42** 0.63** 0.70** 0.54** 
                          2006                            2007 Composted 
biosolids ( t/ha) TN in canola 
 leaf 
TN in oats  
leaf 
TN in canola  
leaf 
TN in oats  
leaf 
0 5.4 ± 0.4 2.4 ± 0.2 5.1 ± 0.2 3.4 ± 0.4 
10 5.0 ± 0.1 2.6 ± 0.5 5.7 ± 0.5 3.3 ± 0.4 
30 5.4 ± 0.3 2.9 ± 0.9 6.4 ± 0.1 3.7 ± 0.2 
50 5.6 ± 0.5 3.2 ± 0.3 6.4 ± 0.3 3.9 ± 0.2 
70 5.4 ± 0.5 3.3 ± 0.2 6.8 ± 0.6 4.2 ± 0.4 
Fertilized 5.5 ± 0.2 3.6 ± 0.9 6.2 ± 0.4 4.4 ± 0.3 
LSD 0.05 ns ns 0.62** ns 
 
Values indicate means of triplicate measurements, whereas LSD values refers to the least significant 
difference (t-test) between the mean values of TN in plant matter at 5% probability, whereas the superscripts 
*,**, *** and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.01 and p < 0.001 levels 
and not significant respectively. 
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Figure 6.4 Graphical representation of levels of total nitrogen in canola and oats plant 
matter resulted from different application rates of two different sources of biosolids in 
2006 and 2007 field experiments.  The error bars represent standard deviations of 
triplicate measurements.  LSD 0.05 values refers to the least significant difference (t-test) 
between the mean values of TN in plant matter at 5% probability, whereas **, *** and ns 
refers to significant treatment effects in ANOVA (F-test) at p < 0.01 and p < 0.001 levels 
and not significant respectively.  
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6.5. Effect of applied biosolids on NO3-N in plant tissue 
 
Nitrate concentration in acetic acid extracts of fresh plant parts has been used for assessing the N 
status of vegetable crops, grapes and other crops in California (Geraldson et al., 1983). 
To assess the effect of dewatered biosolids and composted biosolids applications on the nitrogen 
status of the canola and oats crops, plant samples for canola at 4-5 leaf stage and for oats at 5-6 
tillering stages were taken and the NO3-N concentration in ground plant matter was extracted 
using 2 % acetic acid solution and analysed by the cadmium reduction method using flow 
injection analysis (as described in chapter 3 section 3.4.1). Results of the analytical data together 
with data validation procedures are presented in Table 6.8 and 6.9 below. 
 
6.5.1. Data validation and analytical accuracy 
 
To validate the plant NO3-N data, plant extracts were spiked with a known concentration of NO3-
N standards ranging from 0.2 to 0.4 µg/g and analysed in duplicate. The percent recoveries of the 
spiked samples compared with the unspiked samples were on average ranged 100-116 % for 
plants (Table 6.8). 
The precision of the plant extraction procedures for NO3-N analysis was also evaluated by 
extracting and analysing five replicate plant samples. The coefficient of variations was 3.1% for 
plants indicating good precision of the extraction procedure. 
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6.5.2. Changes in NO3-N in plant tissue 
 
Year 1 
 
Dewatered biosolids application changed the concentration of NO3-N in both canola and oats 
tissue. In the 2006 trial, the levels of NO3-N in plant tissue changed from 784 to 5100 µg/g for 
canola and from 86 to 7542 µg/g for oats crops. On the other hand, composted biosolids 
application increased the level of NO3-N in canola tissue from 257 in the control plot to 1650 
µg/g in the 50 t/ha composted biosolids treated plot, but the change in NO3-N in composted 
biosolids treated oats tissue was not significantly different from the levels found in the control oat 
crops. 
When the effect of biosolids types on plant NO3-N levels were compared, the net concentration 
of NO3-N recorded (4316 µg/g) in canola tissues treated with dewatered biosolids in the 2006 
trial was significantly (p < 0.001) higher than the corresponding levels recorded (1393 µg/g) in 
Table 6.8 The recovery of NO3-N extracted in 2 % acetic acid and analyzed by flow injection 
analyzer using the cadmium reduction method. 
Measured concentrations (mg/L) Experiments Spiked  
concentration (mg/L) Unspiked sample Spiked sampleb 
 
Recovery 
(%) 
NO3-N in canola and oat leaves , 2006 
Exp.1 0.2 0.038 0.237 ± 0.008 99 
Exp.2 0.4 0.5975 0.9925 ± 0.0 99 
Exp.3 0.4 0.016 0.397 ± 0.0 95 
Exp.4 0.4 0.0148 0.4437 ± 0.012 107 
 NO3-N in canola and oat leaves , 2007 
Exp.1 0.4 0.0336 0.5232 ± 0.002 122 
Exp.2 0.4 0.1933 0.6638 ± 0.0004 117 
Exp.3 0.4 0.3945 0.8514 ± 0.004 114 
Exp.4 0.4 0.1021 0.5490 ± 0.0005 112 
 
Plant extracts were spiked with 1 mL of the 20 mg/L NO3-N standards in 50 mL volumetric flask  
( 0.4 mg/L NO3-N ) and analyzed and the percent recovery was calculated,  in experiment 1 ( for canola leaf 
samples taken from dewatered biosolids treated plots), plant extracts were spikes with  1 mL of the  20 mg/L 
NO3-N standards in 100 mL volumetric flask ( 0.2 mg/L NO3-N  ) and analyzed and the percent recovery was 
calculated. 
 In the 2006 trial, Experiment 1 and 2 refers to plant samples  taken from canola plots treated with dewatered and 
composted biosolids, whereas, Experiment 3 and 4 refers to plant samples taken from oats plots treated with 
dewatered and composted biosolids respectively. 
b: Values indicate mean ± sd of duplicate measurements for each  experiments, however, unspiked plant extracts 
in 2006 and 2007 were not analyzed in duplicate. 
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canola tissues treated with composted biosolids. Slightly more NO3-N concentrations in oats 
tissues were observed than in canola tissues (Table 6.9). 
 
 
Table 6.9 The effect of dewatered biosolids and composted biosolids applications on the levels 
of NO3-N (µg/g) in canola and oats leaves in 2006 and 2007 field experiments. 
2006 field experiments 
Canola leaf Oats leaf Canola leaf Oats leaf Dewatered 
biosolids ( t/ha) NO3-N  NO3-N 
Composted 
biosolids ( 
t/ha) 
NO3-N NO3-N 
0 784 ± 388 85 ± 5 0 257 ± 24 nab 
5 2470 ± 1869 445 ± 39 10 389 ± 8 na 
25 5732 ± 100 607 ± 74 30 985 ± 638 na 
45 4723 ± 377 832 ± 45 50 1649 ± 821 na 
65 5100 ± 259 7542 ± 848 70 747 ± 926 na 
Fertilized  5629 814 ± 419 Fertilized 3093 ± 779 na 
LSD 0.05 1596*** 721*** LSD 0.05 894* na 
2007 field experiments 
0 629 ± 533 270 ± 6 0 414 ± 179 333 ± 40 
5 1156 ± 86 491 ± 10 10 795 ± 340 219 ± 111 
25 2624 ± 148 5561 ± 518 30 2766 ± 383 1597 ± 538 
45 6578 ± 919 6272 ± 437 50 5041 ± 31 1504 ± 137 
65 9154 ± 589 7024 ± 689 70 8027 ± 1327 2516 ± 330 
Fertilized  2942 ± 476 2535 ± 520 Fertilized 5790 ± 1959 2714 ± 42 
LSD 0.05 612*** 763*** LSD 0.05 1168*** 1149*** 
The superscripts *,**,*** and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.05, p < 0.01, 
p < 0.001 and not significant, respectively, whereas na stands for concentrations not available. The letter ‘b’ 
indicates the analytical data for the 2006 NO3-N concentrations for the oats leaves were not retrieved due to 
problem with the FIA instrument as the result data are not available. 
 
 
Year 2 
In the 2007 trial, the application of dewatered biosolids had a similar effect with the 2006 
observations changing plant tissue NO3-N levels from 629 to 9154µg/g for canola and from 270 
to 7024 µg/g for oats tissue (p < 0.001). Whereas, in the 2007 composted biosolids treatments, 
NO3-N increased from 414 to 8027 µg/g in canola and from 333 to 2516 µg/g in oats tissues 
respectively.  As shown in Figure 6.5 NO3-N in both canola and oats tissue showed an increasing 
trend following dewatered and composted biosolids application rates. 
The levels of NO3-N observed in canola tissue were significantly higher than the corresponding 
levels observed in oats tissue (Table 6.9). 
When the 2006 and 2007 tissue NO3-N levels were compared, there was a net increase of 4209 
µg/g NO3-N in canola tissue at the 65 t/ha treated plots due to repeated application of dewatered 
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biosolids. However, in 2007, at the 25 and 45 t/ha application rates, NO3-N levels in oats tissues 
was significantly higher than the 2006 recordings. 
The net change in NO3-N levels in canola tissue due to repeated application of composted 
biosolids was 6221 µg/g for canola and 2516µg/g for oats respectively.   
Similarly, in the 2007 experiment, when the effect of biosolids types on plant tissue NO3-N levels 
were compared, the concentration of NO3-N recorded (8525 µg/g) in canola tissue treated with 
dewatered biosolids was significantly (p < 0.05) higher than the corresponding levels recorded 
(7614 µg/g) in canola tissues treated with composted biosolids, hence dewatered biosolids had 
greater effect in changing plant NO3-N levels than composted biosolids in both years of the trial 
for both crops.   
From the results presented above, the concentration of NO3-N in canola tissue treated with 
dewatered biosolids and composted biosolids was significantly higher than those observed in oats 
tissues suggesting NO3-N uptake by canola was higher than oats crops (Fig. 6.5 and Table 6.9). 
The maximum NO3-N levels in canola and oats tissues were recorded at the highest (65 t/ha) 
dewatered biosolids application rate. 
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Nitrogen mass balance 
 
The mass balance of nutrients were calculated based on the assumption that the biosolids were 
incorporated into 10 cm soil depth, the amended soil had a soil bulk density of 1.24 g/cm3 and 
nutrients in plants were analysed not after the final crop harvest but plant samples were taken at 
4-5 leaf stage for canola and 5-6 tillering stage for oats. Therefore, the data were presented under 
these assumptions.  
To examine the fate of N from land applied dewatered biosolids, various data were used. The 
data for the concentrations of total N in dewatered biosolids shown in Table 6.2 were used to 
calculate the quantity of total N loaded into the soil. In addition, data for total N in biosolids 
amended soil (Table 6.3) were also used to estimate the mass of total N (kg N/ha) remained in the 
soil at the end of the two years experiment.  
For the computation of total N uptake by the two crops, the data for total N in canola and oats 
leaves (Table 6.7), data for canola seed and plant biomass yields from (Table 4.2 and 4.3) and 
oats seed and plant biomass yields from (Table 4.4 and 4.5) together with the data on 
concentrations of total N in canola seed (Table 4.6) were used to estimate the total N (kg N/ha) 
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Figure 6.5 Nitrate uptake by canola and oats in dewatered and composted biosolids amended 
soil in the 2007 field experiment.    The superscript *** refers to significant treatment effects 
in ANOVA (F-test) at P < 0.001, whereas LSD 0.05 stands for the least significant difference 
between the mean values of NO3-N in canola and oats leaves at P < 0.05 level. 
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uptake by the crops at the end of each years crop harvest. Soil total N analytical data (mg/kg) 
were converted into kg/ha using 1.24 gm/cm3 soil bulk density at 10 cm sampling depth. 
Cropping sequence was also taken into account while calculating the total N mass balance in 
dewatered biosolids amended soil in canola and oat plots. 
The results showed that the level of total N residue remaining in the 25, 45 and 65 t/ha dewatered 
biosolids amended plots for canola-oats rotation was significantly higher than the values 
observed in the oats-canola rotation. Conversely, N uptake by canola and oats in the oats-canola 
rotation plots was substantially higher than the corresponding uptake values observed in the 
canola-oats rotation, this difference significantly contributed for the higher values of total N 
recovered in the oats-canola rotation (Table 6.10). 
 
 
Table 6.10 Mass balance of total nitrogen in dewatered biosolids amended canola and oats plots 
in the 2006 and 2007 field experiments.  
Dewatered 
biosolids 
rates ( t/ha) 
Total-N 
applied  
(kg/ha) 
Total-N 
residue 
remained in 
soil (kg/ha) 
Plant 
uptake of 
N (kg/ha) 
Total- N 
recovered 
(kg/ha) 
Unaccounted 
N balance 
(kg/ha) 
Unaccounted N 
balance in (%) 
Canola-oats rotation ( 2006-2007)  
25 2110 868 113 981 1129 53 
45 3798 1364 269 1633 2165 57 
65 5486 1612 280 1892 3594 66 
Oats-canola rotation ( 2006-2007) 
25 2110 744 127 871 1239 59 
45 3798 1240 334 1574 2224 59 
65 5486 1488 652 2140 3346 61 
 
 
The unaccounted N balance in both cropping sequence was reasonably constant ranging between 
53-66 % which indicates that more than 50 % of the total N applied into the soil was lost through 
various routes. 
These results are similar to the observations from laboratory experiments conducted by NBRP 
(National Biosolids Research Program) in southern Queensland in which they showed that 30 % 
of the applied N was lost through denitrification during three months period of study, and 
suggested that high loses of N through denitrification may well be greater under wet soil 
condition (NBRP , 2007). Hence in this experiment, since the crops were watered twice a week 
using a sprinkler system, it is expected that most of the mineralized N from the dewatered 
biosolids treated plots was lost through denitrification and leaching of NO3-N down the soil 
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sampling depth. Ammonia volatilization could also be another route of N loss particularly in the 
dewatered biosolids. 
 
Discussion 
 
Total N in soil  
 
Mineralization of nitrogen depends on mainly soil moisture and temperature and in most studies 
it is measured over time, rather than single end points, however in this study soil nitrogen residue 
was measured at the end of the crop harvest, and the findings of this study indicated that 
dewatered biosolids and composted biosolids applications significantly increased soil total N in 
all plots treated with biosolids. There were also upward trends in soil total N following dewatered 
biosolids and composted biosolids application rates in both years of the experiment as loading 
rates increased. The residual levels of total N in the fertilized control plots were not different 
from the unamended control plots, indicating that the plants had either used the nitrogen applied 
or that it was lost though volatilisation and leaching. 
The observed increases were consistent with the findings of other researchers using similar 
biosolids types (Hartl et al., 2003; Tarrason et al., 2007). There was no significance difference 
between canola and oats plots in terms of the residual total N left in the soil after each year crop 
harvest (p < 0.05). 
The effect of composted biosolids commulative application rates in the 2007 trial was 
significantly ( p < 0.05) higher than dewatered biosolids for both canola and oat plots with 
respect to total N residue left in the amended soil, despite the higher concentrations of total N in 
dewatered biosolids. However, since nitrogen mineralization rates depends on mainly soil 
temperature and moisture, it was expected that a significant proportion of the total N in 
dewatered biosolids may have been mineralized to NO3-N and been lost via denitrification and 
leaching, and this was evident from the significantly higher levels of NO3-N leaching observed in 
the dewatered biosolids (65 t/ha) amended plots in the 2007 experiment (Fig 6.3).  
The cropping sequence had a significant effect on the concentrations of total N residue left in the 
soil. In both dewatered biosolids ( 65 t/ha) and composted biosolids ( 70 t/ha) treated plots 
considerably less total N was accumulated for oats-canola rotation than the levels found in the 
canola-oats cropping sequence. This could probably be due to the biocidal chemicals released 
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during decay of canola root residues in the soil which may act as biofumigant against soil 
microorganisms and thus flushing of microbial nutrients into the soil.  
Kirkegaard et al. (1999) suggested this when using high rates of conventional fertilizer they 
found higher concentrations of accumulated N for a canola-wheat rotation than for wheat-canola 
cropping sequence. Alternatively, since the mineralization of organic-N in soil takes place 
slowly, at the end of the first year of the canola-oats rotation, a considerable N residue may have 
accumulated in soil. Oat crops do not use as much N as canola, and would not be as efficient to 
exploit the residual soil N, but in the oats-canola rotation, the canola crop would probably take 
more of the N residue in amended soil. Canola needs about 25 % more N, P and K than 
Australian Standard wheat to balance fertilizer inputs with nutrient removal in grain (Hocking et 
al., 1999). Norton, (2003) also indicated that canola is often the first crop following pasture and 
benefits from the N fixed by legumes during the pasture phase.  
In both dewatered biosolids and composted biosolids trials, less total N was accumulated for oats-
canola rotation than for canola-oats cropping system (Table 6.4); however it was also important 
to note that during the 2007 experiment, the oats crops before reaching maturity were infested 
with stem rust and this may have an impact on the N uptake potential of the oats. 
 
Nitrate in soil 
 
As dewatered biosolids and composted biosolids application rates increased, upward trends in 
soil NO3-N levels were observed for both crops in both years of the experiments. Dewatered 
biosolids had slightly greater effect in changing the NO3-N status of the soil than composted 
biosolids.  
Repeated application of dewatered biosolids increased the level of NO3-N by 46 mg/kg in canola 
plots and by 33 mg/kg in oats plots, respectively. A repeat loading of composted biosolids 
increased the level of soil NO3-N by 41 mg/kg in canola plots and by 44 mg/kg in oats plots. In 
dewatered biosolids amended soil a 46 mg/kg NO3-N residue was recorded for canola- oats crop 
rotation whereas, a 33 mg/kg NO3-N residue accumulated for oats-canola rotation and thus, more 
soil NO3-N residues were recorded for canola-oats rotation than for oats-canola cropping 
sequence. 
 The level of NO3-N observed in canola plots were significantly (p < 0.05) greater than those 
observed in oats plots (Fig.6.2). Compared with 2006, reapplying dewatered biosolids and 
composted biosolids in 2007 significantly increased the level of NO3-N residue in the amended 
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soil. The concentration of NO3-N in composted biosolids treated canola plots was slightly higher 
than the levels recorded in the dewatered biosolids treated canola plots, and this was not unusual, 
since the composted biosolids had higher concentrations of NO3-N than the dewatered biosolids. 
Beegle et al. (1994) suggested 25 mg/kg NO3-N or greater in the background soil concentration is 
sufficient for maximum corn silage yield in which case no nitrogen fertilizer would be required. 
The soil background concentration for this experiment was 2.9 mg/kg indicating NO3-N 
deficiency. Thus, in this study the highest soil NO3-N residue recorded 57 mg/kg (71 kg N/ha) 
and 56 mg/kg (69 kgN/ha) in canola and oats plots amended with dewatered biosolids in the 2007 
trial were below the crop NO3-N requirement (100 and 110 kgN/ha) for canola and oats 
respectively. 
To this end, several researchers (Rodriguez et al. 1996; Rodriguez et al. 2003; Shober et al., 
2003) noted higher levels of NO3-N at the higher rates of municipal solid waste compost treated 
plots, compared to the control plots. However, Parkinson et al. (1996) noted that NO3-N 
concentrations in soil samples taken during the summer months were not significantly different 
from the unfertilized control plots suggesting cumulative NO3-N losses during summer season. In 
contrast, Stamatiadis et al. (1999) also observed that despite initially high NO3-N content of 
compost, NO3-N levels of compost amended soil were low and similar to the control plots 
suggesting net loss through leaching, root uptake and possibly immobilization and denitrification 
processes.  
In the 2007 experiment significant levels of NO3-N residues were observed in both canola and oat 
plots treated with dewatered biosolids (5, 25, 45 and 65 t/ha rates) and composted biosolids (10, 
30, 50 and 70 t/ha rates). This indicates that nitrogen supply from biosolids exceeds crop nitrogen 
requirement. Therefore, this possibly suggests that biosolids applications based on NLBAR under 
estimates the quantity of organic-N mineralization rates in the biosolids used in this study. 
Consequently further research needs to be undertaken on mineralisation in order to more 
accurately match crop demand with biosolids application rate both in dewatered and composted 
biosilds products. 
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Nitrate leaching 
 
In the 2006 experiment, the concentrations of NO3-N determined at various soil depths of the 
highest dewatered application rate (65 t/ha) in the canola treatment were lower than the 
corresponding NO3-N levels recorded in the oats treatment (Fig. 6.3).  
The NO3-N values recorded at the highest composted biosolids rate (70 t/ha) canola plots (0-20 
cm depth) were also lower than the corresponding values recorded in oats plots  treated with 
composted biosolids suggesting that more NO3-N was accumulated in oats plots treated with 
dewatered and composted biosolids than in canola plots 
The level of NO3-N for canola lots treated with dewatered biosolids and composted biosolids 
were relatively similar in 2006, although more NO3-N was observed in oats plots treated with 
composted biosolids than in the oats plots treated with dewatered biosolids plots (Fig.6.3). 
In the 2007 experiment, NO3-N levels in dewatered biosolids treated canola and oats plots were 
significantly higher than the corresponding values for canola and oats plots treated with 
composted biosolids, suggesting higher NO3-N concentration was accumulated in dewatered 
biosolids (Fig. 6.3).  
The concentration of NO3-N accumulated in the top 20 cm of soil in the oats plots treated with 
dewatered biosolids was two fold greater than the levels observed in canola plots suggesting that 
canola with its deep rooting system may have consumed more NO3-N from the biosolids than the 
oats crops. 
Nitrate levels recorded at various soil depths in 2006 canola plots treated with dewatered 
biosolids were not different from those recorded in the 2007 canola plots (p > 0.05), These 
similarities can partly be explained due to canola’s efficiency in utilizing NO3-N in both years of 
the experiments, however, the level of NO3-N in the 2007 oats plots treated with dewatered 
biosolids were substantially higher than those recorded in the 2006 oats plots (Fig. 6.3).  
Soil NO3-N levels in the 2007 composted biosolids treated canola and oats plots were lower when 
compared with the corresponding values in 2006 which was unexpected. This is in marked 
contrast to the dewatered biosoldis plots. The reason for the difference could be due to a decline 
in the mineralised nitrogen levels in the composted product used in the 2007 cropping season. 
This observation clearly needs further investigation and could suggest that composted biosolid 
may pose nitrogen  management challenges compared to dewatered biosolid due to product 
variation and possible interactions with the soil resulting in nitrogen immobilisation. 
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Nitrate leaching in the first year of the field experiment was not as expected, however compared 
to the control plots a considerable amount of leaching was observed at 80-100 cm soil depths. 
Hartl et al. (2003) also observed increased NO3–N leaching due to compost application in all of 
their treatments during the first year. However, in the second year, only the 270 t/ha treated plots 
resulted in higher NO3-N leaching, whereas, in the third year they recorded no significant 
differences between any of the treatments. 
 
Total N in plants 
 
Over all, dewatered biosolids had a slightly greater effect on the level of TN in canola leaves than 
in oats. The response of oats to composted biosolids in terms of TN was not significant in either 
years of the experiment. 
Dewatered biosolids had higher total N and NH4- N concentrations than composted biosolids and 
was more bioavailable for the crops than composted biosolids (Fig.6.4). 
The concentration of total N in canola and oats plants matter was significantly higher after 
treatment with dewatered biosolids than after treatment with composted biosolids.  
In the 2007 trial, the highest total nitrogen (7.2 %) for canola leaves and in 2006 4.9 % TN for 
oats in were recorded at the 65 t/ha dewatered biosolids rates. According to Reuter and Robinson  
(1997), the critical deficiency ranges of total nitrogen in canola tissue is 6.8-6.9% and the 
adequate range for oats is 3.4 -5.4 %, and hence the value for both canola and oats were within 
the adequate ranges. The crops did not show any signs of toxicity or deficiency for nitrogen 
(Fig.6. 5). 
The concentration of total N in canola tissue was higher than those recorded from oats tissue at 
the end of the 2007 experiment for both biosolids types, indicating that in this experiment canola 
extracted more N from the biosolids than oats (Fig.6.4).  
Similarly, Hocking et al. (1997) also reported that compared to most other grain crops in 
Australia; canola has a greater requirement for nutrient inputs to achieve high yields.  
 
Nitrates in plants 
 
The concentrations of NO3-N in canola and oats leaves at tillering stage increased with both 
biosolids application rates. The levels of NO3-N observed in canola and oats tissue amended with 
dewatered biosolids was higher than the corresponding NO3-N levels found in composted 
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biosolids biosolids amended canola and oats crops, suggesting that the NO3-N levels in 
dewatered biosolids were higher than the NO3-N contained in composted biosolids.  
The maximum NO3-N concentrations recorded as 9154 mg/kg in canola tissue in 2007 and 7542 
mg/kg in oats tissue in 2006 were well above the critical deficiency values (1620 mg/kg) for 
canola listed in Reuter  and Robinson (1997), and therefore crops did not show any signs of 
toxicity symptoms for nitrate. 
In general, dewatered biosolids and composted biosolids significantly changed the NO3-N 
concentrations in both canola and oats tissue, with dewatered biosolids having more effect than 
composted biosolids. 
Repeat applications of biosolids also changed the NO3-N levels in both crops; the level of NO3-N 
observed in canola tissue was significantly higher than the levels observed in oats tissue, 
indicating a greater uptake by canola crop. 
Over all, dewatered biosolids and composted biosolids applications increased the concentrations 
of total N and NO3-N both in soil and in canola and oats crops; dewatered biosolids had greater 
effect than composted biosolids with the exceptions of total N in soil where composted biosolids 
had a greater effect than composted biosolids. A considerable amount of total N and NO3-N in 
the soil was accumulated; with the excess N utilized by the subsequent crop. 
Biosolids application did not pose any risk from the leaching of NO3-N down the soil profile, as 
most of the NO3-N was accumulated in the top 20 cm soil depth and the findings of this study 
indicated that the soil NO3-N levels leached in canola plots were low compared with the oats 
crop. 
Since canola has deep roots and high root volume, it extracted more total N and NO3-N than the 
oat crop; this was evidenced by the significantly higher concentrations of total N and NO3-N 
observed in the canola leaf than in the oats leaves. Such moderate increases in tissue N may 
enhance crop quality and improves nutrients recycling. 
For biosolids containing higher quantities of N, canola would be the preferred crop to be planted 
since from the findings of this result it can be suggested that canola would be used as a clean up 
crop in nitrate contaminated lands. In addition to this, the adoption of oats-canola cropping 
system would help to reduce the amount of excess nitrogen residues accumulated in soils 
receiving biosolids. 
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6.6. Phosphorus in biosolids amended soil and in plants 
 
Several researchers (Harrison et al. 1994; Alves et al. 2006) reported significant increases in total 
P levels in soils at various biosolids application rates. A number of other researchers, (Stewart et 
al. 1998; Erich et al. 2002; Arbestain et al. 2005; Courtney and Mullen 2007; Kidd et al. 2007) 
also observed that high application rates of compost (100 t/ha) significantly raised plant-available 
phosphorus levels following manure and compost application. Phosphorus is a major plant 
nutrient for the production of crops, and most biosolids contain high concentrations of P; 
however, when biosolids are applied at a rate to satisfy the N requirement of a crop, based on 
nitrogen limited biosolids application rates (NLBAR), P may be excessive and accumulate in the 
soil creating a significant risk of off site movement through run off and may contribute to the 
contamination of aquifers (NBRP, 2007).  
While excess soil phosphorus is not harmful to plants when biosolids are applied based on 
nitrogen rates (Peterson et al., 1994) off-site migration to aquatic systems could be a major 
concern since P is the limiting nutrient in most fresh waters (Sharpley and Beegle, 1999). 
To determine if this would be the case with the biosolids generated by WWSP, the total and 
Olsen- P concentrations in biosolids amended soil were analysed following the harvesting of 
canola and oats crops for two consecutive years and the results together with data validation 
procedures are presented below. 
 
6.6.1. Data validation and analytical accuracy 
 
  Total - P in soil 
 
Biosolids amended soil samples were taken each year after harvesting the crops and the total-P 
levels were determined using wave length dispersive X-ray fluorescence spectrometry (WD-
XRF). The accuracy of total phosphorus data were validated by analysing Till 1 and Till 3 (soil 
standard reference materials) using WD-XRF which was externally calibrated using eight soil 
standard reference materials containing various elements. The percent recoveries of total-P were 
120 and 116 % for Till1 and Till 3 indicating good agreement with the certified values (Table 
6.11 and 6.12). 
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Table 6.11 Eight soil standard reference materials analyzed for total–P concentrations using XRF 
and expressed in (µg/g) for validating the analytical data. 
Analyses S73319 S73320 S73321 S73322 S73323 S73324 S73325 S73326 
Measured 735 447 329 692 366 317 1154 773 
Certified 735(28) 446 (25) 320(18) 695(28) 390(34) 303(30) 1150(39) 775(25) 
Recovery 
% 99.9 100.1 102.7 99.6 93.8 104.6 100.4 99.8 
 
The eight soil standard reference materials were analyzed individually to establish the calibration curve. For the 
measured values, the standard deviation of the calibrated P was ± 11. Values in parenthesis indicate ± SD of 
triplicate measurements.  
 
Table 6.12 Concentrations of total-P for soil standard reference materials analyzed using XRF 
and expressed in µg/g for validating the analytical data. 
Till 1 measured Certified Recovery %) Till 3 measured Certified Recovery %) 
 1112 930 120  569 490 116 
 
Till 1 and Till3 soil standard reference materials were analyzed individually using the established calibration curves 
 
 
Olsen-P  
 
To validate the accuracy of Olsen- extractable phosphorus data, ASPAC 51 soil standard 
reference material was treated as a sample and analysed for phosphorus concentrations and the 
percent recovery was determined for each analytical run. The recovery of the certified P standard 
ranged between 94-108 % and was in good agreement with the certified values Table 6.13).  
Moreover, Olsen extractable soil phosphorus data were also validated by spiking soil extracts 
with a known concentration (0.8 µg/g) of phosphorus standards. The percent recoveries of the 
spiked samples compared with the unspiked samples were on average 111 % (Table 6.14).  
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Table 6.13 Results of ASPAC 51 soil standard reference material analyzed for Olsen-P 
for every batch of experiments for data validation purposes. 
Experiments Measured soil-P (µg/g) Certified-soil P (µg/g) Recovery (%) 
Exp.1a 14 ± 2 14.88 ± 1.01 94 
Exp.2 14 ± 2 14.88 ± 1.01 94 
Exp.3 14 ± 1 14.88 ± 1.01 94 
Exp.4 14 ± 4 14.88 ± 1.01 94 
Exp.4 16 ± 3 14.88 ± 1.01 108 
 
Before laboratory analysis of P in biosolids amended soil soils, ASPAC 51 (Australian Soil and Plant 
analysis Council) soil standard reference materials were weighed and exposed to extraction procedures 
and analyzed using FIA for P concentrations, the measured values were compared with the certified range 
for accuracy purpose, whereas, for precision of the extraction procedure the coefficient of variation was 
calculated. All values indicate means of triplicate measurements with their standard deviation. 
a: In 2007, experiment 1 and 2 refer to the biosolids amended soil samples taken from oats plots treated 
with dewatered and composted biosolids, whereas, Experiment 3 and 4 refers to biosolids amended soil 
samples taken from canola plots treated with dewatered and composted biosolids respectively 
 
 
 
Acetic acid extractable plant phosphorus  
 
Plant extracts were spiked with a known concentration of 0.8 and 0.08 µg/g phosphorus standards 
and analysed. The percent recoveries of the spiked samples compared with the unspiked samples 
were on average 89-103 % (Table 6.14). 
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Table 6.14 The recovery of soil and plant extracts spiked with various known concentrations of 
phosphorus standards for validating the analytical data during phosphorus analysis in soil and 
plant matter using flow injection analysis (mgP/L).  
Soil extracts spiked with 0.8 mg/L of P-standards,2006 
 Exp.1 Exp.2 Exp.3 Exp.4 
Unspiked 0.22 0.228 0.172 0.282 
Spiked 1.3 ± 0.0 1.022 ± 0.026 0.9779 ± 0.0 1.123 ± 0.001 
Recovery (%)a 135 99 106 105 
Soil extracts spiked with 0.8mg/L of P-standards,2007 
Unspiked 0.2086 0.2243 0.0970 0.1567 
Spiked 0.9905 ± 0.001 1.0569 ± 0.021 1.0898 ± 0.014 1.0671 ± 0.0024 
Recovery (%) 97.7 104 125 113 
Plants extracts spiked with 0.08mg/L of P-standards, 2006 
Unspiked 0.5819 0.5819 0.2008 0.2008 
Spiked 0.6624 ± 0.015 0.6624 ± 0.015 0.285 ± 0.007 0.285 ± 0.007 
Recovery (%)b 100.7 100.7 105 105 
CV (%) 2.32 2.32 2.75 2.75 
Plant extracts spiked with 0.8mg/L P-standard, 2007 
Unspiked 0.098 0.120 0.3871 0.6911 
Spiked 0.508 ± 0.0005 0.525 ± 0.005 1.1839 ± 0.002 1.5015 ± 0.005 
Recovery (%) 51 50.65 99 101 
CV (%) 0.1 0.96 0.16 0.33 
 
 
 
The superscript a  refers to biosolids amended soil samples were extracted using Olsen’s procedure, then extracts 
were spiked with  1 mL of the 20 mg/L P standards in 25 mL flask (0.8 mg/L)  and analyzed using FIA and the 
percent recovery of the spiked sample related with the unspiked was calculated. 
The superscript b refers to in the 2006 analysis of phosphorus in plant samples, aliquots of 0.2 g powdered plant 
samples were weighed and spiked with 2 mL of the 100 mg/L P standards in 100 mL flask (2 mg P/L) and 50 mL 
2 % acetic acid was added and shaken for 30 minutes, filtered and diluted to 100mL with 2 % acetic acid and 
analyzed using 1:25 dilution factor (0.08 mg P/L)  by FIA, and the percent recovery compared with the unspiked 
sample was calculated.  
c : In the 2007 analysis of phosphorus in plant samples, aliquots of 0.2 g powdered plant samples were weighed 
and 50 mL of 2 % acetic acid was added and shaken for 30 minutes, filtered, then plant extracts were spiked with 
1 ml of the 20 mgP/L P standard in 25 mL flask  (0.8 mg/L)  and analyzed , the percent recovery of the spiked 
sample related with the unspiked sample was calculated. 
The spiked values indicate mean ± sd of duplicate measurements for each batch of experiments; however, 
unspiked soil and plant extracts in 2006 and 2007 were analysed individually. 
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6.6.2. The influence of biosolids applications on total soil-P residues  
 
At the beginning of the experiments, dewatered biosolids and composted biosolids applications 
were calculated based on nitrogen limited biosolids application rates (NLBAR) and incorporated 
into the soil (Table 3.3. and 3.4 under section 3.2 of chapter 3). The total and Olsen- extractable P 
loading rates (kg P/ha) were also calculated for each biosolids types based on the P 
concentrations contained in the biosolids (Table 6.15 and 6.16).  
A two sample t-test was conducted between the Olsen-P loading rates of dewatered biosolids and 
composted biosolids, and the statistical test showed that there is no significant difference between 
the dewatered biosolids and composted biosolids loading rate based on Olsen-P values.  
The concentrations of total and Olsen-P values for soil, dewatered biosolids and composted 
biosolids before the start of the experiment is shown in Table 6.15, where composted biosolids 
had slightly higher concentration of total and Olsen-P than dewatered biosolids. 
The total and Olsen-P residues in dewatered biosolids and composted biosolids amended clay 
loam soil were determined after each crop harvest, Figure 6.6 depicts the influence of loading 
various dewatered and composted biosolids on the total P status of the biosolids amended soil 
after two successive years of applications. 
 Table 6.16 presents the total and Olsen- extractable P levels loaded during the 2006 and 2007 
experiments. The P levels for the 2006 unamended control plots show soil background P 
concentrations before planting the crops, whereas the P levels for the unamended control plots in 
2007 refer to the average P concentrations calculated from the unamended control plots after first 
year (2006) crop harvest. 
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Table 6.15 Concentrations of total and extractable P in soil and biosolids used for the 
experiments expressed in µg/g on dry weight basis). 
Analytes Soil Dewatered biosolids Composted biosolids 
Total-P   855 ± 3 15003 ± 4 21290 ± 566 
Olsen-P  15 ± 2 691 ± 5 762 ± 7 
(Olsen/XRF)*100 1.7 % 4.6 % 3.6 % 
Total P and S were analyzed using WD- X-ray fluorescence spectrometry, whereas Olsen-P 
was determined by flow injection analyzer (FIA). Soil and biosolids samples were analyzed 
in triplicates.  
 
 
 
 
Table 6.16 Dewatered biosolids and composted biosolids applications and their 
corresponding total and Olsen-P levels in 2006 and 2007 field experiments. 
Biosolids types 2006  2007 
Dewatered 
application rates 
(t/ha) 
Total-P 
kg/ ha 
Olsen-P 
kg/ ha 
Dewatered 
application 
rates (t/ha) 
Total-P 
kg/ ha 
Olsen-P 
kg/ ha 
0 0 0 0 0 0 
5 75 3.5 5 75 3.5 
25 375 17.3 25 375 17.3 
45 675 31.1 45 675 31.1 
65 975 44.8 65 975 44.8 
Composted application rates (t/ha) Composted  application rates (t/ha) 
10 223 7.6 10 223 7.6 
30 669 22.8 30 669 22.8 
50 1115 38.0 50 1115 38.0 
70 1560 53.2 70 1560 53.2 
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Figure 6.6 The effect of dewatered and composted biosolids application rates on the level of 
total phosphorus in amended soil in 2006 and 2007 field experiments.  The error bars represent 
standard deviations of triplicate measurements. LSD 0.05 values refers to the least significant 
difference (t-test) between the mean values of total-P in biosolids amended soil at 5 % 
probability, whereas *** refers to significant treatment effects in ANOVA (F-test) at p < 0.001 
level. 
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Year 1 
 
Total phosphorus levels in the highest dewatered biosolids amended plot (65 t/ha) in 2006 
experiment doubled, changing from 0.65 to 1.3 g/kg for canola and from 0.71 to 1.2 g/kg for oats 
plots compared with the control plots,. In  the composted biosolids experiment, when total 
phosphorus levels in the control plot were compared with the highest composted biosolids 
application (70 t/ha), it had increased from 0.72 to 2.2 g/kg ( three fold) and from 0.84 to 5.2 g/kg 
(six fold) for canola and oats plots respectively. 
There was no significance difference in total P levels between canola and oats plots treated with 
dewatered biosolids; however, in composted biosolids treated oats plots the level of total-P was 
higher by 2.8 g/kg as would be expected than the level observed in canola plots (Fig.6.6 and 
Table 6.18). 
The level of total P observed in canola plots treated with composted biosolids was higher by 0.87 
g/kg than the total P levels found in canola treated with dewatered biosolids plots. An even 
greater difference was observed in the case of oats plots, where the total P levels in the plots 
treated with composted biosolids was higher by 3.8 g/kg than in the oat plots treated with 
dewatered biosolids, indicating more residual total P in plots treated with composted biosolids 
than with dewatered biosolids treatments (Fig.6.6 and Table 6.18). 
 
Year 2 
 
In the 2007 trial, when compared with the control plot, a three fold increase in total P 
concentrations was observed at the highest (65t/ha) dewatered biosolids loading rate which on 
average increased from 0.8 to 2.04 g/kg for canola and from 0.79 to 2.2 g/kg for oats.  Again, 
there was much more residual total P left in plots treated with composted biosolids than those 
treated with dewatered biosolids (Fig.6.6 and Table 6.18). 
When the responses of canola and oats to biosolids phosphorus were compared, there was no 
significant difference between the total P levels recorded in canola and oats plots treated with 
dewatered biosolids. However, in composted biosolids treated plots, a 1.43 g/kg more total P was 
noted in oats plots than in canola plots treated with composted biosolids, indicating that 
composted biosolids treated oats plots had more total P concentrations than the corresponding 
total P levels in canola plots. 
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When, the influence of the two biosolids types were compared, a significantly (2.3 g/kg)  greater 
amount of total-P  in canola plots treated with composted biosolids was observed than the 
corresponding total P levels recorded in dewatered biosolids treated canola plots. Similarly, the 
level of total P recorded in oats plots treated with composted biosolids was higher by 3.6 g/kg 
than the level recorded in oats plots treated with dewatered biosolids plots (Fig.6.6 and Table 
6.18). 
Repeated application of dewatered biosolids changed the concentration of total P in canola plots 
from 0.64 to 1.2 g/kg, whereas, total-P levels in oats plots treated with dewatered biosolids 
changed from 0.5 to 1.43 g/kg which indicated more total P residue left in oats plots treated with 
dewatered biosolids. 
Reapplying composted biosolids changed the concentration of total P in canola plots from 1.5 to 
3.6 g/kg. Similarly, the level of total P in composted biosolids treated oats plots changed from 4.3 
to 4.98 g/kg. 
 
6.6.3. Olsen-P  
 
Year 1 
 
The level of Olsen-extractable soil phosphorus in the 65 t/ha dewatered biosolids amended soil in 
2006 trial changed significantly (p < 0.05) from 24 to 52 mg/kg in canola and from 20 to 43 
mg/kg in oats plots respectively, whereas in the 70 t/ha composted biosolids treated plots Olsen-P 
changed from 21 to 69 and from 14 to 99 mg/kg in canola and oats plots respectively. 
Comparing the influence of crops on Olsen-extractable phosphorus in biosolids amended soil, the 
amount of phosphorus  observed at the highest application rates of canola and oats plots treated 
with dewatered biosolids were similar and no significant difference in Olsen-P levels were noted 
between canola and oats plots treated with composted biosolids (Table 6.17 and 6.18). 
When the two biosolids types were compared, there was no significant difference in Olsen-P 
between dewatered biosolids treated canola and composted biosolids treated canola plots; 
however, when the P concentrations recorded in the unamended control plots was subtracted 
from P concentrations obtained at the highest biosolids application rates, the net concentrations of 
Olsen-P (84.6 mg/kg) observed at the highest (70 t/ha) composted biosolids treated oats plots was 
significantly (p < 0.05) higher than the level recorded (23 mg/kg) in oats plots treated with 
dewatered biosolids (Table 6.17 and 6.18). 
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Figure 6.7 The effect of dewatered biosolids and composted biosolids application rates on the 
level of Olsen- extractable phosphorus in amended soil in 2006 and 2007 field experiments.   
The error bars represent standard deviations of triplicate measurements.        
LSD 0.05 values refers to the least significant difference (t-test) between the mean values of total-P in 
biosolids amended soil at 5 % probability, whereas *** refers to significant treatment effects in ANOVA 
(F-test) at p < 0.001 level. 
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Table 6.17. The effect of dewatered biosolids and composted biosolids applications on total and Olsen- extractable soil-P in canola and 
oats plots during 2006-2007 field experiments, (mg/kg on dry weight basis) 
Canola plots,  
2006 
Oats plot,  
2006 
 
Canola plots ,  
2007 
 
Oats plot,  
2007 
 
Biosolids 
application rates 
(t/ha) 
Total-P Olsen-P Total-P Olsen-P Total-P Olsen-P Total-P Olsen-P 
Effect of  dewatered biosolids applications on total and Olsen-P in amended soil 
0 647±12 24±1 708±9 20±2 804±14 21±3 793±14 15±1 
5 797±117 31±7 780±54 23±2 973±28 29±3 1042±80 43±2 
25 876±110 33±5 942±202 27±3 1497±119 58±6 1440±71 82±4 
45 1054±81 45±2 1094±116 36±3 1930±196 87±6 2047±80 139±8 
65 1290±74 52±3 1193±74 43±1 2035±237 104±17 2224±179 186±35 
Fertilized  770±82 35±4 741±17 21±1 853±16 31±11 921±65 37±9 
LSD 0.05 93*** 12.27** 235*** 3.84*** 310*** 17.95*** 161*** 29.72*** 
Effect of  Composted biosolids applications on total and Olsen-P in amended soil 
0 719±24 21±4 841±26 14±4 831±11 15±4 714±34 21±3 
10 947±44 46±10 1262±8 24±6 1338±299 54±29 1456±16 58±3 
30 1362±138 42±4 1876±330 43±6 2291±127 89±25 2450±354 133±22 
50 1884±132 51±2 3131±158 60±17 3527±84 137±6 4432±87 229±10 
70 2232±196 69±11 5126±446 99±19 4389±185 161±4 5699±94 297±26 
Fertilized  780±89 31±2 840±72 16±5 862±29 16±3 910±62 26±10 
LSD 0.05 254*** 13.48*** 480*** 19.58*** 356*** 28.82*** 327*** 29.79*** 
Values indicate means ± sd of triplicate measurements, whereas, ** and *** refers to significant treatment effects in ANOVA (F-test) at p < 0.01 and p < 0.001 
levels respectively. 
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Table 6.18 Relative percentages changes in Olsen extractable and XRF total  soil P 
concentrations at the highest dewatered ( 65 t/ha) and composted ( 70 t/ha) biosolids 
amended in canola and oats plots 
P in dewatered biosolids treated canola plots  P in dewatered biosolids treated oats 
plots 
 
P 
P levels 
 namended  
plot 
P levels at 
65 t/ha 
amended  
plot  
Increases  
( in %) 
P levels 
unamended  
plot  
P levels  
at 65 t/ha 
amended  
plot 
Increases  
(in %) 
Olsen-P 
Yr 1 24 52 117 20 43 115 
Yr 2 21 104 395 15 186 1140 
Total-P   
Yr 1 647 1290 99 708 1193 69 
Yr 2 804 2035 153 793 2224 180 
P in composted biosolids treated 
canola plots  
P in composted  biosolids treated oats 
plots 
P P  levels  
unamended 
plot  
P levels at 
70 t/ha 
amended  
plot  
Increases 
(in %) 
P levels 
in 
unamended 
plot  
P levels at 
70 t/ha 
amended  
plot  
Increases 
(in %) 
Olsen-P 
Yr 1 21 69 229 14 99 607 
Yr 2 15 161 973 21 297 1314 
Total-P   
Yr 1 719 2232 210 841 5126 510 
Yr 2 831 4389 428 714 5699 698 
 
The increases in Olsen and XRF determined soil P concentrations were expressed in percent for the P 
concentrations obtained from the highest dewatered (65 t/ha) and composted (70 t/ha) biosolids 
application plots compared to the P concentrations recorded from the unamended control plots, whereas P 
levels were expressed in mg/kg. 
 
 
Year 2 
 
In the 2007 trial, repeat application of dewatered biosolids increased the Olsen-P levels 
changing from 21 to 104 mg/kg in canola plots and from 15 to 186 mg/kg in oats plots 
respectively. However, Olsen-P levels in composted biosolids treated plots changed from 15 
to 161 mg/kg in canola plots and from 21 to 297 mg/kg in oats plots respectively (p < 0.001). 
When the levels of net soil P residue ( less the control plots)  remained in canola and oats 
plots were compared, the level of Olsen-P residues (171 mg/kg) found in oats plots treated 
with dewatered biosolids were significantly greater than those recorded (83 mg/kg) in canola 
plots. Similarly, Olsen-P levels recorded (276 mg/kg) in oats plots treated with composted 
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biosolids were significantly greater than those found (146 mg/kg) in canola plots (p < 0.01) 
(Table 6.17 and 6.18). 
When the effect of the two biosolids types on Olsen-P levels were compared, 62 mg/kg more 
Olsen-P was found in canola plots treated with composted biosolids than the level recorded in 
dewatered biosolids treated canola plots. Similarly, 105.5 mg/kg more Olsen-P was also 
found in oats plots treated with composted biosolids than the levels recorded in dewatered 
biosolids treated oats plots (p < 0.01). 
The application of dewatered biosolids in canola plots resulted in an increase in Olsen-P 
values by 28 and 83 mg/kg in 2006 and 2007 respectively (p < 0.05), while applying 
dewatered biosolids in oats plots increased the levels of Olsen-P by 23 and 171 mg/kg in 2006 
and 2007 respectively (p<0.01) (Table 6.17). 
Composted biosolids application in canola plots increased the level of Olsen-P by 48 and 146 
mg/kg in 2006 and 2007 respectively, whereas Olsen-P in oats plots increased by 85 and 276 
mg/kg in 2006 and 2007 trials respectively (p < 0.01) (Table 6.17). 
 
Effect of biosolids applications on the ratio of Olsen-P to XRF total P  
 
In the 2006 dewatered and composted biosolids treated canola and oats plots, the ratio of 
Olsen-P to XRF total levels did not show any trend in response to biosolids applications, 
however in the 2007 experiments, there was a significant increasing trend following 
dewatered and composted biosolids applications ( Fig.6.8). 
The change in the ratio of Olsen to XRF total P levels in the 2007 dewatered biosolids treated 
plots were substantially higher than the levels observed in composted biosolids amended 
canola and oats plots. 
As discussed in chapter 5 section 5.5.1, dewatered biosolids applications had significant effect 
in lowering the pH of the soil in both years of the experiment. Such decrease in soil pH would 
possibly increase the solubility of organic P in the dewatered biosolids amended soil and thus 
increasing the ratio of Olsen-P to XRF total P levels following dewatered biosolids 
application. 
As described in chapter 5 section 5.5.2 composted biosolids application increased the soil pH 
in the 2006 experiment, but in 2007, the effect of composted biosolids in increasing the soil 
pH might have been offset by the process of organic-N mineralization ( nitrifications) which 
generally releases H+ into the soil system. Thus, in the 2007 composted biosolids treated 
plots, the ratio of Olsen-P to XRF total P levels significantly increased (Fig.6.8). 
 240 
In 2007, the ratio of Olsen-P to XRF total P levels in oats plots treated with dewatered and 
composted biosolids was significantly higher than the levels observed in canola plots; this 
suggests that canola took up more biosolids P than the oat crops. 
 
 
 
 
 
 
 
6.6.4.  Effect of cropping sequence on Olsen-P residue 
 
As shown in Table 7.19, crop rotation had significant effect on total N and Olsen-P residues 
accumulated in the biosolids amended soil after the end the growing season. 
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Figure 6.8 The influence of dewatered and composted biosolids application rates on the ratio 
of Olsen-P to XRF total P levels in canola and oats plots, in the 2006 and 2007 experiments. 
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Table 6.19 The effect of cropping sequence on the level of Olsen-P accumulated in 
dewatered and composted biosolids amended canola and oats plots, in 2006  and 2007  
experiments( in mg/kg) 
Cropping sequence in dewatered biosolids treated plots 
Analytes Yr1 
canola 
Yr2 
oats 
Yr 2-Yr 1 Analytes Yr1 oats Yr2 
canola 
Yr 2-Yr 1 
Olsen - P 30 171 143 Olsen - P 23 83 60 
Cropping sequence in composted biosolids treated plots 
Analytes Yr1 
canola 
Yr2 
oats 
Yr 2-Yr 1 Analytes Yr1 oats Yr2 
canola 
Yr 2-Yr 1 
Olsen - P 48 276 229 Olsen - P 85 145 61 
 
Dewatered and composted biosolids amended soil samples were taken after each year crop harvest and Olsen 
- P was determined using flow injection analysis. The symbol ∆ indicates the difference between year 1 and 
year 2 concentrations of Olsen - P residue remained at the end of the two years period. 
 
 
In the canola-oats cropping sequence, 83 mg/kg more Olsen-P residue was accumulated than 
in the oats-canola rotations for dewatered biosolids amended plots, similarly, in composted 
biosolids amended plots, in the canola-oats cropping sequence 168 mg/kg more Olsen-P 
residue was left than the oats-canola crop rotations. 
 
6.6.5. Impact of biosolids application on Olsen-P 
 
Regression analysis of the two years Olsen-P data showed that a one tonne application of 
dewatered biosolids in 2006 raised the Olsen-P values by 0.22 and 0.35 mg/kg of the 
amended soil for canola and oats plots respectively. In 2007, after repeated application of 
dewatered biosolids, a one tonne dewatered biosolids application further increased the Olsen-
P levels by 0.66 and 1.27 mg/kg for canola and oats plots respectively. 
In the 2006 composted biosolids treated plots, a one tonne application of composted biosolids 
increased the Olsen-P levels by 0.54 and 1.15 mg/kg for canola and oats plots. Similarly, after 
repeated application of composted biosolids in 2007, a one tonne application of composted 
biosolids increased the Olsen-P values by 1.03 and 2.01 mg/kg for canola and oats plots 
(Table 6.20). 
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Table 6.20 The impact of biosolids loading rates on Olsen-P residues accumulated in soil in 
2006 - 2007 field experiment (mg/kg). 
Biosolids types Intercept Regression Coefficients R2 
Dewatered biosolids, 2006    
Canola plots 34*** 0.22ns 0.18 
Oats plots 20*** 0.35*** 0.94 
Dewatered biosolids, 2007    
Canola plots 23*** 0.66*** 0.94 
Oats plots 22** 1.27*** 0.95 
Composted biosolids, 2006    
Canola plots 28*** 0.54*** 0.70 
Oats plots 11* 1.15*** 0.87 
Composted biosolids, 2007    
Canola plots 25** 1.03*** 0.91 
Oats plots 19* 2.01*** 0.98 
The superscripts *,**,*** and ns refers to significance of the intercept and regression coefficients (t-test) at P 
< 0.05, P < 0.01, P < 0.001 and not significant respectively. The intercept and regression coefficient values 
for the 2007 experiment refer to the impacts of dewatered and composted biosolids on Olsen-P levels after 
two years successive application. 
 
6.6.6. Acetic acid extractable plant-P 
 
 Concentrations of acetic acid extractable orthophosphate expressed from petioles and leaves 
have been used for rapid field tests for the diagnosis of the phosphorus status of plants (Ulrich 
and Hills, 1990). In addition, acetic acid extractable phosphorus in the leaf blades of 
grapevines at flowering stage provided a sensitive measure of the phosphorus status of the 
vines for prediction of their berry weight and yield and pruning weight (Skinner et al., 1987). 
Likewise, Brenan and Bolland (2005) indicated that the concentration of phosphorus in canola 
grain was double that of wheat confirming that canola used all sources of phosphorus more 
effectively than wheat to produce dried shoot and grain. 
Barbarick et al. (2004) applied composted biosolids at various rates and observed that soil and 
plant tissue P concentrations of stream bank wheatgrass increased with increasing application 
rates of biosolids which significantly enhanced forage quality and improve nutrient cycling. 
Kidd et al. (2007) observed that P uptake was significantly greater in plants growing on 
amended soils; however, tissue P content in maize did not differ greatly between plants grown 
on control or amended soils. Under South Western Australian soil condition Pritchard (2005) 
also reported increased P uptake by wheat and lupin following biosolids application in a field 
experiment. 
To diagnose P deficiency levels in canola and oats leaf due to dewatered biosolids and 
composted biosolids applications and to further examine the difference in canola and oats in 
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terms of uptake of P, the concentrations of P in canola and oats leaf was extracted using 2 % 
acetic acid and analysed using flow injection analysis. The results are presented below: 
 
Year 1 
Plant phosphorus concentrations in canola and oats leaves in 2006 dewatered biosolids treated 
plots were significantly higher than the control plots (p < 0.05 and p < 0.001) changing on 
average from 4.7 to 6.5 g/kg for canola and from 2.0 to 4.4 g/kg for oats respectively. The 
highest plant phosphorus level in canola and oat was observed at the 65 t/ha dewatered 
biosolids application rate. However, compared with the control plots, no significant increases 
in plant phosphorus levels were observed in the 2006 composted biosolids treated canola and 
oats leaf suggesting dewatered biosolids had greater impact in changing the phosphorus status 
of canola and oats leaf than composted biosolids (Table 6.21). 
 
 
Table 6.21 The effect of dewatered biosolids and composted biosolids applications on 
acetic acid extractable phosphorus in canola and oats leaf in the 2006 and 2007 field 
experiments 
                        2006 
                             2007 Dewatered 
biosolids 
rates (t/ha) 
P in canola leaf 
(g/kg) 
P in oats leaf  
(g/kg) 
P in  canola leaf 
(g/kg)         
P in oats leaf 
(g/kg) 
0 4.7 ±  0.4) 2.0 ± 0.6 1.9  ± 0.2 0.13 ± 0.07 
5 5.2 ±  0.7 2.1 ±  0.6 2.8 ±  0.3 0.30 ± 0.3 
25 5.6 ±  0.7 3.9 ± 0.5 3.6 ± 0.2 0.47 ±  0.6 
45 5.9 ±  0.1 4.0  ± 0.8 4.3 ± 0.5 0.70 ± 0.8 
65 6.5 ±  0.6 4.40  ±   0.04 5.1 ± 0.2 0.80 ± 0.2 
Fertilized  5.1 ±  0.3 1.6 ±  0.1 1.7 ± 0.2 0.37 ± 0.3 
LSD 0.05 1.04* 0.91*** 0.40*** 0.30*** 
Composted biosolids 
 rates (t/ha) 
0 4.5 ±  0.6 2.5 ±  0.2 3.1 ±  0.2 0.2 ±  0.1 
10 4.6  ± 0.53 3.2 ±  0.7 4.2 ±  0.4 0.4 ±  0.3 
30 5.7  ± 0.83 3.3 ±  0.9 4.4 ±  0.1 0.8 ±  0.2 
50 5.5 ±  0.4 4.3 ±  0.4 3.8 ±  0.1 0.8 ±  0.1 
70 5.2 ±  0.8  4.4  ± 1.2 4.2 ±  1.3 1.2 ±  0.4 
Fertilized  4.60 ± 0.04 2.1 ± 0.3 3.1 ±  0.2 0.4 ±  0.2 
LSD 0.05 ns ns 1.0* 0.52** 
 
The superscripts ***, **, * and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.05, p < 
0.01, p < 0.001 and  not significant respectively, figures in parenthesis indicate standard deviations of 
triplicate measurements. 
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Year 2 
 
In the 2007 repeat dewatered biosolids trial, plant phosphorus concentrations significantly (p 
< 0.001) changed from 1.9 to 5.1 for canola and from 0.13 to 0.8 g/kg for oats respectively. 
Similarly, significant plant phosphorus concentrations were also observed in the 2007 
composted biosolids treated canola and oat plots which changed on average from 3.1 to 4.4 
for canola and from 0.2 to 1.2 g/kg for oats respectively (Table 6.21). 
Plant phosphorus concentrations observed in canola and oats plant matter in the 2007 
composted biosolids treatment was significantly lower than the 2006 recordings.  
 
 
 
Phosphorus mass balance 
 
As in the case of N, a similar procedure was followed for the computation of P mass balance 
in dewatered biosolids amended canola and oats plots. The concentrations of total P values in 
dewatered biosolids shown in Table 6.15 was used to calculate the quantity of total-P loading 
rates from biosolids. Soil and plant P data presented in Table 6.17 and 6.21 together with 
canola seed and plant biomass ( Table 4.2 and 4.3) and oats seed and plant biomass ( Table 
4.4 and 4.5) were used respectively. Data on canola seed P concentrations (Table 4.6) was 
also employed in the calculation of P residue in soil and P taken up the plants after two years 
successive applications of dewatered biosolids. 
Whether cropping sequence had any effect on the quantity of soil P residue remaining in the 
amended soil was also examined. The higher dewatered biosolids (25, 45 and 65 t/ha) 
amended canola and oats plots were chosen for the calculations of P balance, during the 
computation, total-P concentrations measured in the soil background concentration were 
subtracted from the corresponding dewatered biosolids amended plots to differentiate changes 
due to dewatered biosolids applications only. Similarly, plant P concentrations, seed and plant 
biomass yield values of the unamended control plots were subtracted from the corresponding 
values obtained from dewatered biosolids treated plots. 
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Table 6.22 Mass balance of total phosphorus in dewatered biosolids amended canola and 
oats plots in the 2006 and 2007 experiments. 
Dewatered 
biosolids 
rates ( t/ha) 
Total-P 
applied  
(kg/ha) 
Total-P 
residue in 
soil 
(kg/ha) 
Plant 
uptake 
of P 
(kg/ha) 
Total-P 
recovered 
(kg/ha) 
Unaccounted P 
balance (kg/ha) 
Unaccounted P 
balance in (%) 
Canola- oats rotation 
25 750 637 14 651 99 13 
45 1350 1334 27 1361 -11 -0.8 
65 1950 1476 35 1511 439 22 
Oats- canola rotation 
25 750 649 24 673 77 10 
45 1350 1090 51 1141 209 15 
65 1950 1169 78 1247 703 36 
 
For the computation of P mass balance in dewatered biosolids amended soil, the soil total P background 
concentration before the start of the experiment (855 mg/kg) was taken from Table 7. 15 and subtracted from 
the total P residuals remaining  at the 25, 45 and 65 t/ha application rates at the end of the two years 
experiment ( Table 7.17) . Using 1.24 gm/cm3 soil bulk density at 10 cm soil depth, the mg/kg values were 
converted into kg/ha. For the calculations of P uptake (kg/ha), concentrations of plant P data presented in 
Table 7.21 was taken and multiplied by the total seed and plant biomass yields of canola and oats (Table 4.4 
and 4.5), the P concentrations in canola seed from Table 4.6 was also considered while calculating the P 
uptake by canola and oats in dewatered biosolids amended soil. 
 
 
The quantity of total-P recovered in the canola-oats cropping sequence was slightly higher 
than the values recorded in the oats-canola rotation. Results of the computation also showed 
that total soil P residues accumulated in the canola-oats crop sequence was significantly 
higher than the residues found in the oats-canola rotation. Similar to the findings of N mass 
balance, the observed P uptake in the oats-canola rotation was considerably higher than the 
levels observed in the canola-oats rotation (Table 6.22). 
The unaccounted P balance ranged between -0.8-22 % and 10-36 % for the canola-oat and for 
oats-canola rotations respectively. The negative value (-0.8) observed for the unaccounted P 
balance at the 45 t/ha treated plots was not expected, however it is expected that it would be 
due to the highly heterogeneous nature of the biosolids while sampling and analysis for total P 
concentrations in the biosolids. As dewatered biosolids application rates increased, the percent 
unaccounted P balance also increased. Though P levels below the 10 cm soil depth was not 
measured, it is expected that this would be due to the effect of the sprinkler watering system 
which tends to dissolve the water soluble P pool particularly at the higher P applied plots and 
enhanced P loss through leaching down the 10 cm soil sampling depth. 
Repeat applications of dewatered biosolids, the results of the total-P mass balance indicated 
that the unaccounted total-P values were not high, to this end the choice of crops and cropping 
sequence had an effect both on soil P residue remained in soil and on the P uptake by the two 
crops. 
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6.7. Sulfur in biosolids amended soil 
 
Sulphur (S) is not a very abundant element; however, it can come from various origins such 
as action of surface water, ground water, or sea water, the biological contribution of different 
animals and plants. Agricultural, industrial and domestic activities also contribute to soil 
improvement in S compounds, particularly organic amendments, compost, fertilizer and 
pesticides. With the exception of swampy histisols, gypseous soil and acid sulphated soil, the 
S content of most soil is very low. 
The occurrence and stability of the different S derivatives largely depends on the redox 
potential and soil pH (Sparks, 1996). Several organic and inorganic fractions of S occur in 
soil and in organic matter (William, 1987). Total S values range between 3 to over 10,000 
µg/g with a mean value around 430 µg/g.  Measurement of soil total S might be helpful to 
assess the size of S pool in soil (Rayment and Higginson, 1992). 
Recently in Australia, much attention has been given to the role of S in canola production, 
since the high S content of canola oil suggests that S uptake is higher than for other crops. 
Greater responses of canola compared with wheat to S applications have been recorded, 
particularly when heavy nitrogen applications have resulted in high yields (Hocking et al., 
1996). Canola has a greater requirement for S than several other crops, including cereals and 
grain legumes (Holmes 1980; Colton and Sykes, 1992). 
Mc Bride et al. (2004a: 2004b) reported that organic-rich sludge products (dewatered, 
pelletized, composted) increased soil extractable S consistent with a relatively high 
concentration of S in anaerobically-digested sewage sludge. Similarly, Lavado et al. (2005) in  
field experiments using digested and undigested biosolids applied on maize crops, reported 
that the S levels of the amended soil was significantly increased due to biosolids applications. 
 
 
 
6.7.1.  Data validation and analytical accuracy 
 
For XRF analysis of total-S in soil/biosolids and biosolids amended soils, external calibration 
curve for total-S was established by analysing eight soil standard reference materials (NCS 
DC 73319, NCS DC 73320, NCS DC 73321, NCS DC 73322, NCS DC 73323, NCSDC 
73324 NCS DC 73325  NCS DC 73326).  Table 7.23 shows the measured and certified values 
of these standard reference materials.  
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To validate the established calibration curve, Till1 and Till3 soil standard reference materials 
obtained from Canada were treated as samples and analysed for total-S values. The 
percentage recoveries of each of the metals compared with the certified values are shown in 
Table 6.24 
The recoveries of the eight soil standard reference materials analysed for total-S values were 
all in good agreement with the certified values (ranging from 66.7 % to 128.2 %) with 
exceptions of the reference material S73320 where the recovery (66.7 %) was very low. 
Recoveries for till 1 and till 3 soil standard reference material for total-S values were also 
within the certified ranges (Table 6.23 and Table 6.24). 
 
 
Table 6.23 Eight soil standard reference materials analyzed for total–S concentrations 
using XRF to establish a calibration curve ( values expressed in µg S/g) 
Analyses S73319 S73320 S73321 S73322 S73323 S73324 S73325 S73326 
Measured 286.2 193.8 113.5 166.2 378.5 240 230.8 116.3 
Certified 277.1 175.5 75.7 213 340.8 261.7 240 141.5 
Recovery % 96.82 90.56 66.70 128.16 90.04 109.04 103.99 121.67 
 
 
 
Table 6.24 Concentrations of total-S for soil standard reference materials till 
1 and till 3 analyzed using XRF and expressed in % for validating the 
analytical data. 
Till 1 measured Certified Till 3 measured Certified 
Total-S levels 0.025 < 0.05 Total-S levels 0.013 < 0.05 
 
Till 1 and Till3 soil standard reference materials were treated as samples and analyzed 
individually using the established calibration curve 
 
 
Year 1 
 
In the 2006 biosolids field experiment, the application of dewatered biosolids changed the 
concentration of S from 533 to 836 mg/kg in canola plots and from 532 to 673 mg/kg in oats 
plots respectively, whereas, composted biosolids loading increased the S status of the soil 
from 576 to 754 mg/kg in canola plots and from 665 to 999 mg/kg in oats plots respectively 
(Fig. 6.9 and Appendix H Table H-2). 
When the two biosolids types were compared, the concentration of soil S found in the 2006 
oats plots treated with composted biosolids (331 mg/kg) was significantly higher than the 
level (142 mg/kg) recorded in dewatered biosolids treated oats plots, however S levels found 
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in the 2006 canola plots treated with dewatered biosolids was not significantly different from 
those found in composted biosolids treated canola plots. 
The level of S recorded between canola and oats plots treated with dewatered and composted 
biosolids was not significantly different. 
 
Year 2 
 
In the 2007 field experiment, further reapplication of dewatered biosolids increased the 
concentrations of S from 248 to 728 mg/kg in canola plots and from 288 to 713 mg/kg in oats 
plots respectively. In composted biosolids treated canola and oats plots the level of S 
increased from 258 to 927 mg/kg for canola and from 394 to 790 mg/kg for oats plots 
respectively (Fig. 6.9). 
The level of S found in 2007 canola plots treated with composted biosolids (668 mg/kg) was 
slightly higher than the levels recorded (480 mg/kg) in canola plots treated with dewatered 
biosolids, however no significant differences were noted between S levels recorded in oats 
plots treated with dewatered and composted biosolids. 
There was no significant difference in the level of soil S between canola and oats plots treated 
with dewatered biosolids. Sulphur levels recorded in 2007 canola plots treated with dewatered 
biosolids were slightly higher but not statistically significant than the S levels recorded in the 
2006 canola plots treated with dewatered biosolids plots indicating that reapplying dewatered 
biosolids in 2007 to some extent increased the S status of the soil. There was a highly 
significant difference between S levels recorded in 2006 and in 2007 canola plots treated with 
composted biosolids.  Likewise, S levels recorded in the 2007 oats plots treated with (65 t/ha) 
dewatered biosolids (425 mg/kg) were significantly higher than the S levels (142 mg/kg) 
recorded in the 2006 dewatered biosolids treated oats plots; however, the 2006, S 
concentrations recorded in oats plots treated with composted biosolids were not significantly 
different from the 2007 S levels recorded in oats plots treated with composted biosolids 
(Appendix G Table G - 2). 
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Discussion 
 
Total and Olsen-P in soil 
 
Upward linear trends in total soil P levels were noted with both biosolids types in both years 
of the experiments (Fig.6.6). As expected, dewatered biosolids and composted biosolids 
applications significantly increased the level of total- P in the amended soil compared with the 
control plots in both years, however, during the two years period of the experiments, the 
observed increases in plots treated with composted biosolids were increased on average by 4 
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Figure 6.9 The effect of dewatered and composted biosolids loading rates on the level of total 
sulfur in amended soil in 2006 and 2007 field experiments.  The superscripts *, ** and *** refer 
to significant treatment effects in ANOVA (F-test) at p < 0.05, p < 0.01 and p < 0.001 
respectively whereas, the error bars indicate standard deviation of triplicate measurements. 
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and 7 fold for canola and oat plots respectively compared with dewatered biosolids treated 
canola and oat plots.  
Similarly, dewatered biosolids and composted biosolids applications significantly changed the 
Olsen-P status of the soil. The effect of composted biosolids in changing the phosphorus 
status of the soil was significantly higher than dewatered biosolids treated plots in both years 
for both crops. The highest soil P concentrations were observed at the 65 and 70 t/ha 
maximum biosolids loading rates. 
Both biosolids application rates significantly increased the level of Olsen-P showing an 
increasing trend and exceeded the agronomic requirement (usually 20 kg P/ha) for the crops. 
Table 7.17 shows the influence of the two different sources of biosolids on phosphorus 
availability under oats and canola after the first and second year crop harvest. The dewatered 
biosolids rate (5 t/ha) and composted biosolids rate (5 t/ha) would possibly supply sufficient 
Olsen-P for canola and oats to grow without P deficiency. 
The study clearly showed that, in both dewatered biosolids and composted biosolids treated 
plots a considerably higher Olsen-P residue was accumulated for canola-oats rotation than the 
levels found in the oats-canola cropping system.  
It could be suggested that the substantially higher soil Olsen-P residues left in the canola-oats 
cropping sequence would be due to the effect of organic acids and phosphatase enzymes 
which may have been released by canola roots could possibly tend to break the organic matter 
and dissolve the soluble P, therefore raising the plant available P pool. It may also be due to 
poor P uptake by oat crop in the 2007 experiment 
Obviously, in both dewatered biosolids and composted biosolids experiments less Olsen-P 
was accumulated for oats-canola rotation than for canola-oats cropping system (Table 6.19). 
The impact of composted biosolids in raising the Olsen-P values was substantially higher than 
dewatered biosolids, and this was evidenced by the higher regression coefficients observed in 
composted biosolids treated plots (Table 6.20). 
 Likewise, when canola and oats crops were compared, higher Olsen-P levels were observed 
in oats plots than in canola plots for both biosolids types and in both years of the experiments. 
This was further confirmed by the higher regression coefficients observed in oats plots than in 
canola plots which indirectly suggest that canola’s P uptake was significantly higher than the 
oat crops. 
Despite luxuriant supply, no phosphorus toxicity symptoms were observed on any specimen 
of either crop. 
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Extractable plant-P in canola and oats 
 
Results of plant leaf analysis for phosphorus showed that dewatered biosolids applications 
increased phosphorus concentrations in canola and oats leaves; however, the concentration of 
phosphorus in canola leaf was significantly higher than that of oat leaves which would 
indicate that canola extracts more phosphorus from the soil than oats. Canola due to its deep 
root and greater root volume and its ability to release organic acids and solubilise soil P, has 
the advantage in exploiting and absorbing more P than oats (Table 6.21). 
Likewise, Marschner et al. (2007) in a commercial fertilizer experiment reported that despite 
similar concentrations of available P in the soil; total shoot P content was greater in two 
canola genotypes than the wheat genotypes. They concluded that canola genotypes had a 
greater dry weight and took up more P than the wheat genotypes. They also noted that the 
canola genotypes had a greater root length compared to the wheat genotypes which could lead 
to a greater soil volume exploited, and a greater capacity to respond to P addition. 
Canolas have also been shown to increase P solubility by release of organic acid anions 
(Hoffland, 1992; Hoffland et al., 1989). Phosphorus solubility can be increased by excretion 
of organic acid anions into the rhizosphere and/or change the rhizosphere pH (Gerke and 
Meyer, 1995; Imas et al., 1997). Phosphatases released by plant roots or soil microorganisms 
can mineralize organic P (Tarafdar and Claassen, 1988), thus increasing P availability. 
According to Reuter et al. (1997) the adequate range of plant tissue phosphorus values are 3-
4.8 g/kg for canola at 120 days after sowing and 3-5 g/kg for oats at mid and late tillering 
stage (Appendix I Table I-1 and I-2). The highest canola tissue phosphorus concentration 
recorded (6.5 g/kg) in 2006 slightly exceeded the adequate range, whereas the highest oats 
tissue phosphorus concentrations recorded in 2006 was 4.4 g/kg and this value was in the 
adequate range.  
 
Total S in soil 
 
The S status of the amended soil was increased due to the higher concentration of both the 
dewatered biosolids and composted biosolids used for the experiments. As dewatered 
biosolids and composted biosolids application rates increased, a considerable upward trend in 
the sulphur status of the amended soil was noted. 
Although dewatered biosolids had significantly higher S concentration (11380 mg/kg) than 
composted biosolids (5264 mg/kg) Table 7.11, the impact of the two biosolids in raising the S 
status of the soil was relatively similar.  
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In the 2006 control plots, higher S levels were observed than in the 2007 control plots, this 
was because gypsum ( CaSO4.2H2O) at a rate of 3 t/ha was applied uniformly to all the plots 
to prevent dispersion and crusting of the soil before sowing the canola and oat seeds. 
Regarding the effect of crop rotation on the level of S residue left in dewatered biosolids 
amended soil; it was observed that a 135 mg/kg more sulphur was accumulated for oats-
canola rotation than for canola-oats cropping system. Likewise, for composted biosolids 
treated canola and oats, 1164 mg/kg more sulphur was observed for oats-canola rotation than 
canola-oats cropping. Results of this study showed that dewatered biosolids and composted 
biosolids additions on crop land would help farmers to decrease or be a substitute for 
inorganic S fertilisers. 
 
6.8. Relationships between soil and plant nutrients in biosolids 
amended soil 
 
Plant uptake of nutrients particularly N and P is largely influenced by the nutrient status of 
soil, and hence determining the relationship between nutrients in soil and plants helps to 
evaluate and make environmentally sound recommendations for biosolids application. 
Pearson correlation coefficients were estimated to examine the relationship among soil and 
plant nutrients following various biosolids amendment rates.  The results are presented below. 
 
 
6.8.1. Correlations between total-N and NO3-N in soil and plant tissue 
 
Total nitrogen and nitrate nitrogen in plants measured at 4-5 leaf stage for canola and at 5-6 
tillering stage for oats usually helps as a diagnostic test for the nutrient status of the crop, 
however to examine whether a relationship exists between soil total and nitrate nitrogen 
residue left at the end of the cropping season were tested for Pearson correlation with total 
nitrogen and nitrate nitrogen in plant shoots measured at 4-5 leaf stage for canola and at 5-6 
tillering stage for oats.  
 
 Dewatered biosolids amended plots 
 
Pearson’s correlation analysis of soil and plant nutrient data in the 2006 trial showed that 
there were significant correlations between TN in soil and TN in canola and oats tissues for 
both crops grown on dewatered biosolids amended soil (r = 0.58* and r = 0.73**, n = 15). 
 253 
The correlation between total nitrogen in soil and NO3-N in canola and oats tissue were 
significant (r = 0.71** and r = 0.62*, n = 15).  The correlations between NO3-N in soil and 
NO3-N in canola and oats tissues were r = 0.49 and r = 0.83** respectively. 
For the 2007 dewatered biosolids treated canola and oat plots, the correlations between TN in 
soil and total nitrogen in canola and oats tissue was again significant (r = 0.90** and r = 
0.77**, n = 15) for canola and oats respectively. The correlations between total nitrogen in 
soil and NO3-N in canola and oats tissue were also highly significant (r = 0.95** and r = 
0.91**). Highly significant positive correlations were also noted between NO3-N in soil and 
NO3-N in canola and oats tissue (r = 0.90** and r = 0.92**) (Table 6.23). 
 
 Composted biosolids amended plots 
 
In the 2006 composted biosolids trial, the correlations between total nitrogen in soil and total  
nitrogen and NO3-N in canola and oats tissue were poorly correlated and not significant. 
As in the case of dewatered biosolids treated plots, in the 2007 composted biosolids trial, total 
nitrogen in soil and in canola and oats tissue were positively correlated (r = 0.79** and r = 
0.61*), whereas only in canola plots that total nitrogen in soil and NO3-N in canola tissue 
were positively correlated (r = 0.93**), however, there were no significant correlations 
between NO3-N in soil and in canola and oats tissue (Table 6.24). 
 
6.8.2. Correlations between total and extractable phosphorus in soil and in 
plant tissue 
 
Dewatered biosolids amended plots 
 
Table 6.23 depicts the correlations between total and extractable phosphorus in soil and in the 
plant under different regimes of biosolids applications in 2006. Total phosphorus in soil and 
extractable phosphorus in canola and oats tissue were r = 0.63* and r = 0.79** , respectively. 
The correlations between Olsen-P and extractable-P in canola and oats tissue were (r = 0.31 
and r = 0.73**), whereas the correlations between total phosphorus in soil and Olsen-P were r 
= 0.51* and 0.82** for canola and oats plots, respectively (Table 6.23). 
The correlation between total phosphorus in soil and extractable-P in canola and oats tissues 
were highly significant (r = 0.93** and r = 0.91**), whereas the correlations between Olsen-P 
and extractable phosphorus concentrations in canola and oats tissue were r = 0.92** and r = 
0.84** respectively. 
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Similarly, correlations between total phosphorus and Olsen-P in canola and oats plots 
amended with dewatered biosolids were highly significant (r = 0.90** and r = 0.94**). 
Compared with the 2006 recordings, in 2007 highly significant correlations between total 
phosphorus in soil and extractable phosphorus in canola and oats tissues were observed 
(Table 6.23). 
 
Composted biosolids amended plots 
 
In the 2006 trial, the correlations between total phosphorus in soil and extractable phosphorus 
in oats tissue was significant (r = 0.66**), but total soil phosphorus in soil and extractable 
phosphorus in canola tissue was not significantly correlated. Similarly, Olsen-P and 
extractable phosphorus in canola and oats tissue were weakly correlated (r = 0.31 and r = 
0.53*). However, total phosphorus and Olsen-P were strongly correlated (r = 0.80** and 
95**) for canola and oats plot respectively (Table 6.24).   
In the 2007 trial, the correlations between total phosphorus in soil and extractable phosphorus 
in canola tissue was not significant, but total phosphorus in soil was significantly correlated 
with extractable phosphorus in oats tissue (r = 0.77**). But, correlations between Olsen-P and 
extractable phosphorus in canola tissue was not significant, nevertheless Olsen-P was 
significantly correlated with extractable phosphorus in oats tissue (r = 0.78**). Strong 
positive correlations between total phosphorus in soil and Olsen-P were observed in canola 
and oats plots (r = 0.95** and 0.98**) respectively (Table 6.24).   
 
Most of the total P in biosolids is in inorganic forms and the exact mineralization rates have not been 
determined, except in Western Australia where 100 % of the total inorganic P is assumed to be in 
available forms, In this study, as expected total P and available P are strongly correlated and also with 
P uptake as shown in Table 6.23 and 6.24. 
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Table 6.23 Pearson’s correlation coefficient matrix between nutrients in soil and plant in 
dewatered biosolids amended canola and oats plots in 2006 and 2007 field experiments. 
Canola plots amended with dewatered biosolids in 2006 experiment 
Nutrients TNs TNpt NO3-Ns NO3-Npt PT Olsen-P P-ext pt 
TNs 1       
TNpt 0.58* 1      
NO3-Ns 0.69** 0.80** 1     
NO3-Npt 0.71** 0.68** 0.49 1    
PT 0.75** 0.80** 0.80** 0.65** 1   
Olsen-P 0.10 0.52* 0.30 0.41 0.51* 1  
P-ext pt 0.51* 0.75** 0.66** 0.56* 0.63* 0.32 1 
 Canola plots amended with dewatered biosolids in 2007 experiment 
TNs 1       
TNpt 0.90** 1      
NO3-Ns 0.96** 0.90** 1     
NO3-Npt 0.95** 0.82** 0.90** 1    
PT 0.96** 0.89** 0.95** 0.93** 1   
Olsen-P 0.96** 0.86** 0.96** 0.93** 0.90** 1  
P-ext pt 0.95** 0.88** 0.92** 0.92** 0.93** 0.92** 1 
Oats plots amended with dewatered biosolids in 2006 experiment 
TNs 1       
TNpt 0.73** 1      
NO3-Ns 0.72** 0.85** 1     
NO3-Npt 0.62* 0.87** 0.83** 1    
PT 0.69** 0.81** 0.80** 0.67** 1   
Olsen-P 0.83** 0.89** 0.93** 0.81** 0.82** 1  
P-ext pt 0.87** 0.68** 0.67** 0.56* 0.79** 0.73** 1 
Oats plots amended with dewatered biosolids in 2007 experiment 
TNs 1       
TNpt 0.77** 1      
NO3-Ns 0.88** 0.84** 1     
NO3-Npt 0.91** 0.86** 0.92** 1    
PT 0.97** 0.80** 0.89** 0.93** 1   
Olsen-P 0.94** 0.77** 0.90** 0.87** 0.94** 1  
P-ext pt 0.93** 0.72** 0.84** 0.84** 0.91** 0.84** 1 
 
The superscripts * and ** refers to significant Pearson’s correlations (t-test) at p < 0.05 and p < 0.01 levels, 
whereas the subscripts  s  refers to soil, pt for plant, T for total and ext for extractable respectively 
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Table 6.24 Pearson’s correlation coefficient matrix between nutrients in soil and plant in 
composted biosolids amended canola and oats plots in 2006 and 2007 field experiments. 
Canola plots amended with composted biosolids in 2006 experiment 
Nutrients TNs TNpt NO3-Ns NO3-Npt PT Olsen-P P-ext pt 
TNs 1       
TNpt 0.16 1      
NO3-Ns 0.84** 0.005 1     
NO3-Npt 0.53* -0.08 0.22 1    
PT 0.92** 0.36 0.84** 0.44 1   
Olsen-P 0.87** 0.03 0.87** 0.36 0.80** 1  
P-ext pt 0.47 -0.03 0.21 0.75** 0.45 0.31 1 
 Canola plots amended with composted biosolids in 2007 experiment 
TNs 1       
TNpt 0.79** 1      
NO3-Ns 0.88** 0.59* 1     
NO3-Npt 0.93** 0.74** 0.94** 1    
PT 0.96** 0.81** 0.87** 0.95** 1   
Olsen-P 0.95** 0.83** 0.83** 0.89** 0.95** 1  
P-ext pt 0.26 0.19 0.39 0.30 0.24 0.33 1 
Oats plots amended with composted biosolids in 2006 experiment 
TNs 1       
TNpt 0.61* 1      
NO3-Ns 0.64* 0.25 1     
PT 0.92** 0.60* 0.74** - 1   
Olsen-P 0.88** 0.50* 0.76** - 0.95** 1  
P-ext pt 0.67** 0.61* 0.45 - 0.66** 0.53* 1 
Oats plots amended with composted biosolids in 2007 experiment 
TNs 1       
TNpt 0.76** 1      
NO3-Ns 0.73** 0.35 1     
NO3-Npt 0.83** 0.77** 0.67** 1    
PT 0.97** 0.72** 0.69** 0.86** 1   
Olsen-P 0.97** 0.76** 0.72** 0.91** 0.98** 1  
P-ext pt 0.76** 0.73** 0.48 0.86** 0.77** 0.78** 1 
The superscripts * and ** refers to significant Pearson’s correlations (t-test) at p < 0.05 and p < 0.01 levels, 
whereas the subscripts  s  refers to soil, pt for plant, T for total and ext for extractable respectively 
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6.9. Conclusion 
 
Application of dewatered and composted biosolids significantly increased the total and 
extractable nitrogen and phosphorus levels in soil and plant tissues. It also increased the sulfur 
status of the amended soil. 
Results of the study indicated that biosolids can be used as sources of nitrogen and 
phosphorus for enhancing crop production.  However, a considerable amount of Olsen-
extractable P remained in the biosolids amended soil after crop harvest and this exceeded the 
agronomic requirements of both crops.  
Phosphorus could be exported through run off or the accumulated phosphorus could be used 
for producing a subsequent crop. Clearly the available soil phosphorus could also support 
weed growth which would reduce runoff availability but compromise crop quality. 
In this study, a significantly greater amount of Olsen-P and total-N accumulated for canola-
oats cropping sequence than for oats-canola crop rotation for dewatered biosolids and 
composted biosolids treated plots which could probably be either due to the break down of 
biosolids organic P by organic acids and phosphatase enzymes released by canola roots in the 
canola-oats rotation sequence or it could be due to poor oat growth in the 2007 experiment. 
The observed NO3-N concentration leaching down in the 20 cm soil depth of the canola plots 
was significantly lower than  the oats plots confirming canola’s greater capacity to absorb 
NO3-N from biosolids amended soil. 
The threat for ground water contamination due to leaching of NO3-N down the soil profile 
was negligible and did not pose any problem, since most of the NO3-N was accumulated on 
the top 20 cm soil depth. 
Growers may benefit from accumulated biosolids nitrogen and phosphorus through adopting a 
rotational cropping of canola after oat in the subsequent year in order to utilize the biosolids 
nitrogen and employ the phosphorus accumulated in the receiving soil.  
Total nitrogen and extractable phosphorus in canola plant matter was significantly higher than 
in oat leaves indicating that canola extracted more nitrogen and phosphorus from amended 
soil than oats. Due to its high nutrient (N, P and S) requirements, canola can thus be used as a 
clean up crop particularly in contaminated lands. 
The correlations between total nitrogen in soil and total nitrogen and NO3-N in canola and 
oats shoot were significant. Likewise, significant positive correlations were also noted 
between total phosphorus in soil and extractable phosphorus in canola and oats which 
suggests that biosolids were the sources of nutrients for the crops. In addition to this, the soil 
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test values for N, NO3-N and Olsen-P could be used to predict the plant available and uptake 
of these nutrients in biosolids amended clay loam soil. 
Moreover, as there is an interest in biofuel production using the harvested canola crops it will 
be important to adopt a systems approach to the application of the two crops selected for trial 
to determine if there are economic benefits in having higher biosolids loadings on smaller 
areas of land supporting canola for biofuel production compared with lower loadings 
supporting oats for livestock fodder.  
It is already well recognized that monocropping of either crop may not be sustainable and a 
rotation will be essential. Opportunities for breeding crops specifically for biosolids 
utilization and biofuel processing should be explored as this experiment has demonstrated that 
both crop selection and type of biosolids had an impact upon nutrient uptake and dry matter 
production.  
To this end, for the long term efficient utilization of nutrients from biosolids as well as to 
increase the adoption of using biosolids by crop growers, an investigation into the survival of 
pathogens of health concern in the biosolids amended soil needs to be further examined. The 
next chapter presents an evaluation of the survival of pathogens in biosolids amended soil 
after each year’s successive application of biosolids. 
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7 
 
CHAPTER 7. PATHOGENS IN BIOSOLIDS AMENDED SOIL  
 
 
Introduction 
 
Recycling of biosolids back to agricultural land offers an important outlet for sewage sludge 
and other sludges types (USEPA, 1999; Zhou, 2002; Li & Wu, 2003), however, there is a 
concern regarding pathogens when biosolids and sewage sludge are applied on to crop lands 
(Deportes et al., 1995; Lewis & Gattie, 2002; Sahlstrom, 2003). 
Pathogens entering the soil during the application of sewage sludge to land can stay viable in 
the soil for two months or more (USEPA, 1994). However, most pathogens do not survive in 
soils or on plants for very long periods of time (Rudolfs et al., 1950, 1951; Lance, 1977; Akin 
et al., 1978; Golueke, 1983; Sorber and Moore, 1986). Bacteria survival in the soil depends 
on many factors including temperature (Martin et al., 1990; Mawdsley et al., 1995; Garrec et 
al., 2003), moisture (Ward et al., 1981; Russ and Yanko, 1981), pH, soil composition and the 
presence of competitive or antagonistic organisms (Hussong et al., 1985; Sidhu et al., 2001; 
Pietronave et al., 2004) all of which affect pathogen survival as discussed in the literature 
review section 2.6.1 
Sewage sludges are treated in a variety of ways designed to reduce the number of pathogens 
in the resulting biosolids. The common treatment methods include digestion, alkali-
stabilization, composting, irradiation and pasteurizations (USEPA 1994; Ho et al., 2000). 
Factors such as predation, oxygen, soil type and texture also influence pathogen inactivation. 
Pepper et al. (1993) conducted laboratory and field experiments using total coliforms, fecal 
coliforms, and fecal streptococci organisms and reported that moisture, temperature, and 
texture of soil affected the survival of these indicator organisms. Survival of organisms was 
enhanced by increasing soil moisture and clay content and diminished by higher soil 
temperature. However, under field conditions, when rainfall increases soil moisture, regrowth 
of indicator organisms can occur.  
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This was reported by Gibbs et al. (1997) who showed that though concentrations of fecal 
coliform, fecal streptococci and Salmonella concentrations decreased through an extended 
hot, dry summer and were not detected, repopulation occurred after precipitation.  
Pathogens in dewatered biosolids material applied to land will not likely leach out and move 
through the surface soil to groundwater and surface application, including tilling into the 
upper 15 cm greatly reduces the survival and movement of bacteria (Reddy et al., 1981). 
The survival rate of pathogens on plants is very short since desiccation and ultraviolet light 
are the most important factors in destroying pathogens on plants. Thus, the risk for humans 
consuming foods where biosolids are land applied is even low since most of the biosolids are 
incorporated into the soil and do not come in contact with edible food crops. The risk to 
humans from pathogens in biosolids that are applied to non-edible crops, forestry, and fruit 
trees is essentially nil (Epstein, 2003). 
Thus, this chapter presents results for the survival of pathogens in biosolids amended soil 
after each year’s successive application of dewatered biosolids and composted biosolids in 
2006 and 2007 field experiments. Biosolids amended soil samples were taken and analysed 
for E. coli, Clostridium perfringens and salmonella spp after each year crop harvest in the 
2006 and 2007 field experiments. 
 
7.1. Pathogen survival in biosolids amended soil after crop harvest  
 
After harvesting the first and second biosolids field experiments in 2006 and 2007, twenty 
soil cores of dewatered biosolids amended soil samples from the canola plots at 0-10 cm soil 
depth were taken from each of the four dewatered biosolids (treatments) and from control and 
conventionally fertilized plots. Composted biosolids amended soil samples from the highest 
application rate (70 t/ha plots) were also taken. 
The samples were immediately taken to the Australian Laboratory Services (ALS 
Consulchem) and analysed as per Australian Standards, (AS5013.11.1, 2004) for survival of 
pathogens: E.coli, Clostridium perfringens and salmonella species. The results are shown in 
Table 7.1. 
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Table 7.1 Survival of pathogens in biosolids and biosolids amended soil after 12 months of 
biosolids application in 2006 and 2007 at Surbiton Park. 
Mean E.coli/g Mean C.perfringens cfu/g Mean Salmonella 
spp/25g 
Dewatered biosolids rates 
2006 2007 2006 2007 2006 2007 
Control <0.3 <0.3 <10 (0) <10 nd nd 
Fertilized plots <0.3 <0.3 126 (203) <10 nd nd 
5 <0.3 <0.3 430 (118) <10 nd nd 
25 <0.3 <0.3 423 (113) 370 nd nd 
45 <0.3 <0.3 333 (117) 530 nd nd 
65 <0.3 0.48 397 (354) 700 nd nd 
LSD 0.05 ns ns ns ns - - 
Compost(70t/ha) <0.3 <0.3 16.7 <10 nd nd 
Dewatered biosolids(06) 2.3 - 4300 - <3 <3 
Dewatered biosolids(07) - 43 - 590 <3 <3 
Composted biosolids (07) <0.3 <0.3 70 - nd nd 
Infective dose 104 /g 106 cfu/g 102/25g 
EPA, Victoria limit <100/g sample - <1/5g sample 
 
Figures in parenthesis indicate standard deviations of triplicate measurements, whereas cfu refers to colony 
forming units, and nd stands for not detected. 
 
 
Results of the 2006 field trial showed that concentrations of E.coli in dewatered and 
composted biosolids amended soil were below the detection limit. The concentrations of 
E.coli in dewatered biosolids samples in the 2007 plot experiment was 43 E.coli/g of sample 
which is 16 times higher than the dewatered biosolids used in 2006 plot experiment; the likely 
explanation for this is because the 2006 dewatered biosolids had been left in a stockpile for a 
long time while the dewatered biosolids used in 2007 were fresh.   
The concentrations of E.coli in dewatered biosolids amended soil samples after second crop 
harvest in 2007 were all below 0.5 E.coli per gram of biosolids amended soil samples for all 
biosolids application rates, which means E.coli levels in all biosolids amended treatment plots 
were not statistically different from the control plots.  
The concentrations of Clostridium perfringens varied slightly across the various dewatered 
biosolids application rates showing no consistent trend in any of the dewatered biosolids 
treated plots. 
Even though the soil background concentrations of Clostridium perfringens was very low, the 
levels of Clostridium perfringens observed in the 2006 dewatered biosolids (4300 cfu/g) was 
within the range of most soil background concentrations (103-104) (Curtis and Lawley, 2003).  
Clostridium perfringens species can naturally be found in most soils as background 
concentrations. The presence of spores of these organisms in most cases is used as surrogate 
indicators of protozoan parasites, and enteric viruses; there would be a possibility that the 
bacteria might have multiplied in the stockpiles, however Clostridium perfringens can be 
  
262 
found in small numbers (up to 103 cfu/g) in the faeces of healthy individuals and large 
numbers of cells (at least 106  cfu /g of food) have to be ingested to cause food poisoning 
(Samuel et al, 1991).  
 Thus, the relatively low concentrations of Clostridium perfringens species observed in 
dewatered biosolids amended soil are unlikely to induce any health risk.   
Salmonella species in both dewatered and composted biosolids treated plots were not 
detected.  
The concentration of E.coli and salmonella species in dewatered biosolids amended soil were 
very low compared with the EPA’s regulatory limits for safety and health hazards of biosolids 
used for land application. 
 
7.2. Conclusion 
 
High soil temperatures during the summer season (2006 and 2007) and low pH and 
desiccation are likely to have had a negative impact on the survival of any pathogens 
remaining in the soil after application of the biosolids. 
The Victorian EPA guidelines for grade T1 “unrestricted” use of biosolids requires an E.coli 
measure of < 100 per gram of dry biosolids and < 1 Salmonella per 5 g of sample. The results 
of this study showed that after two years of repeated land applications of dewatered biosolids, 
the level of pathogens surviving in biosolids amended soils was very low and hence the 
biosolids comply with the bacterial requirements so far tested for unrestricted agricultural use.  
The previous chapters showed that biosolids contain valuable nutrients and hence are 
important environmental resource. The next chapter explains the economic value of this 
resource. 
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8 
 
CHAPTER 8. AN ASSESSMENT OF THE ECONOMIC 
VALUE OF BIOSOLIDS  
 
Introduction 
 
This chapter presents a comparative assessment of the experimental valuation techniques 
employed to value the environmental goods (biosolids) as a factor of input in the production 
process. It describes two intertwined areas of the experimental technique in the valuation of 
biosolids. 
Two scenarios are presented; the first scenario explains the use of biosolids as factor of 
input in the production process to produce a marketable output (canola seed). The second 
scenario uses laboratory experimental data to estimate the price of biosolids from their 
nutrient value (N, P, and K) perspective.  
Results of the two scenarios are compared and discussed from the producer’s profit 
maximization view point. 
It also calculates the optimum quantity of canola oil produced per hectare of land at the 
optimum dewatered biosolids and composted biosolids application rates, and the energy 
value of canola oil that can be obtained from a hectare of land.  
This chapter was included in order to emphasize the broader implication and 
recommendation that would emerge from the investigation and tie up the research work. 
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8.1.  Scenario 1. The Productivity Change Method 
 
“Environmental goods and services are the chemical, physical and biological relationships 
between organisms and their surrounding processes, attributes or the products that relate to 
the balance of an ecosystem which include the provision of wildlife habitat, cycling of carbon, 
nitrogen, phosphorus, sulfur, water or the trapping of nutrients and the basis of sustenance and 
prosperity to the society” (Mishra, 2000). 
The ways in which the environment can act as an input in the production are potentially quite 
varied Environmental factors influence output by changing the productivity of inputs, by 
altering output that has been produced, or by reducing the effective supply of inputs. As long 
as the price of inputs is not affected, all of these effects can be modelled by including an 
environmental input in the production function. 
Not all valuation studies are of the same quality or provide the same level of information 
about the analysis undertaken and possible sources of bias in estimates (Morrison, 2001). 
However, the production function approach incorporates a dose response relationship between 
the environmental input (biosolids) and the outputs produced (canola seed) and effect on 
production techniques. The effect on production technique estimates the value of a change in 
the condition of the environment from an associated change in the level of production or from 
a change in productivity which can work in both directions (Robinson, 2001). 
In valuing the environment resource as a consumption good, several researchers have dealt 
with pricing the environment as an input in the production process. The theoretical aspects of 
this valuation technique are described in Freeman, (1993), Freeman and Harrington, (1990), 
Maler, (1992), and Point, (1994). 
 
8.1.1. Conceptual Framework 
 
In valuing an environmental good, the productivity change method assumes that a direct or an 
indirect relationship exists between the marketed good or service and the non-marketed 
environmental good or service. Depending on the type of relationship, different techniques 
can be used to infer the economic value of the non-priced environmental good or service. 
In this method, both dewatered and composted biosolids were assumed to be the 
environmental goods and considered as an input in the production of a marketed good (canola 
seed yields). Changes in environmental attributes lead to changes in the output of the 
marketed good. The value of the change in the environmental attribute is therefore estimated 
as the change in the value of production (Markandya et al., 2000). 
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In the productivity change method, the conceptual model assumes that the environmental 
improvement will allow the producers to expand output and that production costs are constant 
(prices and quantities of inputs and factors do not change). Furthermore, producers face a 
perfectly elastic (horizontal) demand curve. The implication behind the assumption is that the 
price of output remains unchanged and the benefits generated by the environmental 
improvement will only accrue to crop growers. 
Under these conditions, a downward shift in the supply function will be unlikely to influence 
the market equilibrium and the benefit generated by the change in the environmental good 
will accrue  to the producers only. Benefits generated by the environmental improvement can 
be measured by observing only the changes in the producer surplus. The basic assumption of 
this method is that a dose-response relationship exists between the non–marketed 
environmental attribute (biosolids as fertilizer substitute) and the production of the marketed 
good (canola seed). The environmental benefit (value) is the additional benefit in terms of 
additional canola seed quantity generated by the increase in the usage of biosolids as a 
fertilizer substitute to grow the crop. 
 
 The Production Function 
 
A production function portrays an input-output relationship. It describes the rate at which 
resources are transformed into products, and can be expressed as an algebraic equation:  
Y = f (X, Xm) ……. ………………………………………………………….Equation1 
Where X is the non-marketed environmental attribute (biosolids) and Xm is a vector of 
marketed input that takes part in the production of Y (crop seed yield). 
The production function is vital for computation of profit. It relates total value product to the 
amount of input and total cost to the amount of output (Doll and Orazem, 1984). 
The simple profit model can be expressed algebraically as: 
 
PYY – PX X – TFC = Profit ………………………………………………..Equation 2 
 
Since Y= f(X) then 
 
PYf(X) – PX X – TFC = Profit ……………………………………………..Equation 3 
 
Where PY is output price (price of canola seed), Y is output produced (canola seed), PX is 
price of input (price of biosolids), X is variable input (biosolids) and TFC stands for total 
fixed cost. 
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To maximize the above profit function with respect to the variable input the first derivative 
would be set to zero as follows: 
( ) ( ) 0Pr =−= XY PdX
dYP
dX
ofitd
……………………………………………………….Equation 4 
Since MPP
dX
dY
=  stands for marginal physical product of input X (biosolids), and 
rearranging 
 PY MPP = PX and hence PY MPP = VMP, which is the value of marginal physical product 
equals to input price (price of biosolids). 
( ) )(
dX
dYPPVMP YX == ………………………………………………..Equation 5 
In this case the environmental input (biosolids used as fertilizer substitute) enters the 
production process to produce a single marketed output (canola seed).  
Equation 5 would be used to value biosolids as environmental goods in producing canola seed 
in the production process. 
 
8.1.2. Valuation of biosolids 
 
     Valuing dewatered biosolids using the productivity change method  
 
In valuing dewatered and composted biosolids using the productivity change method, it was 
assumed that the dewatered biosolids were obtained freely and the production costs associated 
with the growing of canola was not taken into account. 
A production function curve for the response of canola seed yields at various dewatered 
biosolids application rates was estimated and fitted to quadratic function (Fig. 8.1). The 
marginal product of dewatered biosolids was calculated by taking the first derivatives of the 
quadratic equation as follows: 
The relationship between canola seed yield and dewatered biosolids application rates was 
estimated and fitted to the quadratic equation ………y = - 0.0012x2 + 0.129x + 1.032 
………..Equation 6 
Taking the first derivative of the production function (Equation 6) with respect to dewatered 
biosolids applications (input) gives   =
dx
dy
 -0.0024x + 0.129 = MPP………. Equation 7 
Equation 7 represents the change in canola seed yield resulting from a unit increment in 
dewatered biosolids application rates. It is the slope of the production function which 
measures the amount that total canola seed yield increases or decreases as dewatered biosolids 
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application rates increases. The maximum biosolids application rate that can yield optimum 
canola seed can be calculated by solving for x in Equation 7. 
=
dx
dy
 - 0.0024x + 0.129 = 0 and the value of x equals to 54 t/ha dewatered biosolids. Hence, 
to obtain the maximum canola seed yield at the maximum dewatered biosolids rate (54 t/ha), 
this value (the maximum dewatered biosolids rate) was substituted in Equation 6 and solving 
for y gives 3.7 t/ha canola seed yield without taking into account the intercept ( 1.032) from 
equation 6. Since the intercept refers to the value of canola seed yield obtained at zero 
biosolids application rate (the canola seed yield from the control plot), it was subtracted from 
equation 6 to distinguish the effect of biosolids only. 
Thus, using the farm gate price of canola seed around Melton which was Aus $ 470/tonne of 
canola seed, the price of a one tonne of dewatered biosolids was calculated as follows: 
 Price per tonne of biosolids = (maximum canola seed yield/ha × Price/t of canola seed)/ 
maximum dewatered biosolids rate [(3.7 × Aus $470)/ 54] and this gave Aus $32. 
Therefore, the estimated value per tonne of dewatered biosolids would be Aus $ 32 
Similar to the procedures employed in this study, Maler (1991) distinguishes between 
applications of the production function approach. When production of y is measurable and 
either there is a market price for this output (Py) or one can be imputed, then determining the 
marginal value of the environmental good could be possible. 
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    Valuing composted biosolids using the productivity change method  
 
Similar procedures were followed for the valuation of composted biosolids in the production 
of canola seeds in the field experiment. The response of canola seed yield to composted 
biosolids applications was estimated and fitted to the production function equation, y = -
0.0002x2 + 0.0374x + 0.9271……… Equation 8 
Taking the first derivative of Equation 8 with respect to  composted biosolids application rates 
(input) gives   =
dx
dy
- 0.0004x + 0.0374 = MPP…………………. Equation 9 
The maximum composted biosolids application rates that can give optimum canola seed yield 
was calculated by solving for x from Equation 8 below: 
-0.0004x + 0.0374 = 0 and gives 94 t/ha composted biosolids. Hence, to obtain the maximum 
canola seed yield at the maximum composted biosolids rates (94 t/ha), this value (the 
maximum composted biosolids rate) was substituted in Equation 8 and gives 1.8 t/ha canola 
seed yield without taking into account the intercept 0.927 from equation 8. The farm gate 
price of canola seed was Aus $ 470 /tonne of canola seed, the price of a one tonne of 
composted biosolids was calculated as follows: 
 Price per tonne of biosolids = (maximum canola seed yield t/ha × Price/t of canola seed)/ 
maximum composted biosolids rate; (1.8 t/ha × Aus $470)/ 94 t/ha and this gave 9 Aus $ 
therefore, one tonne of composted biosolids was valued as Aus $ 9. 
y = -0.0012x2 + 0.129x + 1.032
R2 = 0.9239
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Figure 8.1 Estimated production function curves for the response of canola seed yield to 
various dewatered biosolids and composted biosolids application rates ( t ds/ha) in a field 
experiment.  Each data points indicate means of triplicate measurements for canola seed 
yield in 2006. 
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8.2. Scenario 2 Nutrients from biosolids as fertilizer replacement value 
 
A grower is likely to be willing to pay for biosolids if the product increases overall net 
returns. An increase in net returns can be achieved by reducing production costs and/or 
increasing crop yield or quality. Growers and farmers usually have to purchase fertilizers and 
liming materials, however these can partially be replaced by nutrients from biosolids. The 
extent to which biosolids provide plant nutrients and/or liming capacity provides an 
alternative basis for valuing biosolids. 
The economic value of biosolids depends on the concentration of the available nutrients (N, P, 
and K) and the quantity of potentially mineralizable nitrogen and phosphorus contained in the 
biosolids within a given period of time. Hence, analysis of the plant nutrients contained in the 
various biosolids forms the basis for assessing the economic value of biosolids. 
In the case of scenario 2, dewatered and composted biosolids samples were analysed for total 
and available plant nutrients and the fertilizer values of biosolids were determined based on 
its nitrogen, phosphorus and potassium content. Table 8.1 and 8.2 show the average plant 
nutrients (N, P and K) contained per tonne of dewatered and composted biosolids which were 
reported on dry weight basis. 
The economic values of the biosolids were estimated from the market price of Urea (46% N), 
triple super phosphate (41% P2O5) and sulphate of potash (41% potassium) respectively. 
The prices of each of the three plant nutrients Aus$1.70/kgN, 3.37/kg P and 1.20/kgK 
respectively were calculated from 40 kg bags of urea and triple super phosphate and 1 kg bag 
of sulphate of potash fertilizers market prices which were sourced from Bacchus Marsh farm 
supplies in Victoria. Though farmers often buy fertilizers in bulk to get discount, the above 
prices were used to estimate the value of one tonne of dewatered biosolids and composted 
biosolids. 
Hence, the plant available NPK values contained in a one tonne of biosolids was calculated by 
multiplying with the unit price for each of the nutrients NPK and added together (Table 8.1 
and 8.2). Therefore, as indicated in table 9.1 the value of one tonne of biosolids was estimated 
to be Aus $20.54 and Aus $13.25 for dewatered and composted biosolids respectively. 
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Table 8.1 Average quantity of plant available nutrients (NPK) contained in dewatered 
biosolids (kg/t) and the price/kg and the nutrient values of dewatered biosolids 
price/tonne of biosolids (in Aus$). 
Plant 
available 
Nutrients 
Market price/kg of 
nutrients ( Aus$) 
Quantity of 
available 
nutrient/tonne of 
biosolids (kg/t) 
Value of each nutrients in Aus 
$ ( price/t of dewatered 
biosolids) 
N 1.70 10.2 17.34 
P 3.37 0.69 2.32 
K 1.20 0.73 0.88 
Price/tonne of  
dewatered 
biosolids  
- - 20.54 
 
As per table 4.1 available phosphorus contained in the biosolids was extracted using the Olsen-
extraction technique and analysed by flow injection analysis, whereas, exchangeable potassium was 
extracted using 1M NH4Cl and determined using ICP-MS. Total nitrogen in biosolids was determined 
using the Leco FP auto carbon and nitrogen analyzer and the inorganic-N fractions were determined 
using the cadmium reduction technique in a flow injection analyzer. The inorganic-N fractions were 
subtracted from the total nitrogen concentration to obtain the organic-N component. Hence, 15% and 
10% organic-N mineralization rates for anaerobically digested dewatered and composted biosolids 
were assumed and the inorganic-N values were determined and added to the previously calculated 
inorganic-N component and the total inorganic-N was calculated for both biosolids types.  
Nutrient analyses were reported on dry weight basis for each of the biosolids types. 
 
 
Table 8.2 Average quantity of plant available nutrients (NPK) contained in composted 
biosolids (kg/t) and the price/kg and the nutrient values of composted biosolids 
price/tonne of biosolids (in Aus$). 
Plant available 
Nutrients 
Market price/kg 
of nutrients 
(Aus$) 
Quantity of 
nutrient/tonne of 
biosolids (kg/t) 
Value of each nutrients in 
Aus $( price/t of 
composted biosolids) 
N 1.70 3.08 5.24 
P 3.37 0.76 2.56 
K 1.20 4.54 5.45 
Total Price of 
NPK/tonne of 
composted biosolids  
- - 13.25 
 
A similar,  Roka et al. (2004) used the unit prices of commercially available products and 
multiplied it by the quantities of plant nutrients and lime equivalents in the biosolids to 
compute the per-tonne value of biosolids. The economic value of biosolids nutrients N, P, K 
and dolomite lime in one tonne of the particular biosolids was estimated to be Aus $16.80 
which not only depends on the nutrient composition of the material, but also on the 
application rate. They suggested that economic valuation of biosolids as a resource needs to 
be broadened to include micronutrients, since most biosolids contain micronutrients in a 
natural "chelated" form whereas commercially available chelated products can be expensive.  
Hence, this would enhance the demand for future agricultural land application of biosolids. 
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Consistent to the findings of this study, several case studies also showed that the first year 
economic value of nutrients derived from biosolids in the Coastal Plains and Piedmont 
regions of Virginia range from Aus $50 to Aus $100 per acre on pasture land and Aus $100 to 
Aus $140 per acre on corn, small grains, and soybean land (one acre is equivalent to 0.4 
hectare) (Faulkner, 2001). 
 
8.3. Comparisons between the productivity and nutrient replacement 
techniques 
 
The results indicated that the value of a one tonne of dewatered biosolids estimated using 
the productivity change method was significantly greater than the value estimated using the 
nutrient replacement approach. However, in estimating the value of a one tonne of 
composted biosolids, both the productivity and the nutrient replacement techniques 
relatively gave similar results (Table 8.3). Dewatered biosolids had significantly higher 
value than composted biosolids in both cases of the scenarios, this was due to the higher 
concentration of inorganic-N  fractions contained in dewatered biosolids which significantly 
contributed to the increase in the price of nitrogen in both scenarios ( Table 8.1 and 8.2). 
The higher canola seed yield increments observed in dewatered biosolids treated plots (Fig. 
9.1) was the evidence for the higher response of canola to high inorganic-N supply from 
dewatered biosolids than composted biosolids treated canola plots.  
 
 
 
The quantity of canola seed oil produced using the application of the maximum (54 and 94 
t/ha) dewatered biosolids and composted biosolids per hectare were estimated using the data 
listed in chapter 4 (Table 4.4). Table 4.4 shows the concentrations of canola seed oil 
obtained at various dewatered biosolids and composted biosolids application rates. Hence, 
two equations which describe the relationship between dewatered biosolids and composted 
biosolids applications and canola seed oil concentrations were estimated and fitted to a 
linear model, Y = - 0.1273x + 46.2 and Y = - 0.0386x + 46.2 and these equations were used 
Table 8.3 Average quantity of plant available nutrients (NPK) contained in composted 
biosolids (kg/t) and the price/kg and the nutrient values of composted biosolids 
price/tonne of biosolids (in Aus$). 
 Estimated values of biosolids ( in Aus $) 
Biosolids types Productivity approach Nutrient replacement approach 
Dewatered biosolids 32 20.54 
Composted biosolids 9 13.25 
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to determine the quantity of canola seed oil per hectare that can be produced at the 
maximum dewatered biosolids and composted biosolids applications. Table 8.4 shows the 
total value of canola seed oil per hectare produced from the maximum dewatered biosolids 
and composted biosolids applications. 
 
 
Table 8.4  The energy value of canola oil/ ha produced by applying the optimum 
biosolids rates/ha/yr using canola as energy crop  under field conditions 
Biosolids 
type 
Maximum 
biosolids rates  
( t/ha) 
Canola 
seed yield ( 
t/ha) 
Oil 
concentration 
(%) 
Total oil 
yield 
(t/ha) 
Energy value of 
total oil 
produced MJ/ 
ha  
Dewatered 54 3.7 39.3 1.5 59,670 
Composted 94 1.8 42.6 0.8 31,824 
 
The quantity of canola seed oil produced per hectare of land at the maximum dewatered 
biosolids application was considerably higher than the quantity of seed oil produced from 
the maximum composted biosolids applications (Table 8.4). 
Further, to estimate the energy value of pure canola oil that can be produced per hectare of 
land under the maximum dewatered and composted biosolids application rates, the heat of 
combustion of canola oil was used. The heat of combustion measures the energy content of 
a fuel which is the key property of a biodiesel that determines the appropriateness of this 
material as an alternative to diesel fuel.  
According to studies conducted by ( Lang et al. 2001; Gerhard et al. 2005) the values of the 
gross heat of combustion for pure canola oil was 39.78 MJ/kg of oil, whereas the heat 
content of a diesel fuel was approximately 45 MJ/kg and hence the heat of combustion of 
pure canola oil (39.78MJ/kg) was used as a multiplier to estimate the total energy value of 
canola oil that can be produced per hectare of land at the maximum dewatered biosolids and 
composted biosolids applications rates (Table 8.4). Table 8.4 shows that the energy value of 
total canola oil produced per hectare of land using the maximum dewatered biosolids was 
59,670 MJ/ha which was significantly higher than the corresponding energy value (31,824 
MJ/ha) of the canola oil produced using the maximum composted biosolids applications. 
 
8.4. Policy implications 
 
Estimating the economic value of biosolids as environmental goods could be a sensible 
approach particularly for crop growers who may consider replacing part of the plant 
nutrients requirements normally obtained from commercial fertilisers with nutrients from 
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biosolids. It enhances the efficient utilization of biosolids and municipal solid wastes and 
promotes recycling and use of the various nutrients contained in the biosolids particularly in 
the agribusiness sector. Water authorities will be encouraged to adopt a new biosolids policy 
and install improved dewatering and treatment facilities to produce cleaner biosolid 
products with very low pathogen levels which can be sold to either the agribusiness sectors 
or to crop growers at reasonable prices. This further contributes to sustainable management 
of biosolids in Victoria. 
 Results of the study clearly demonstrated that dewatered biosolids had greater value than 
composted biosolids, evidenced by the significantly higher concentrations of total nitrogen 
levels in dewatered biosolids which was reflected in the considerably higher canola seed oil 
yield recorded in dewatered biosolids treated canola plots than composted biosolids treated 
plots.  
It is a well recognized fact that the application of biosolids to crop land increases soil 
organic matter content, improves soil structure and water infiltration (Joshua et al., 1998; 
Johansson et al., 1999), and improves soil fertility and productivity (Bhogal et al., 2003). 
The nutrient residue in biosolids amended soil can also have long term benefits and may be 
utilized by subsequent crops, however, nutrients from biosolids can also be lost through 
various routs such as organic matter degradation during composting could result in carbon 
dioxide and ammonia gaseous emissions (Paillat et al., 2005). Soil organic matter and 
microbial decay releases carbon dioxide (Janzen, 2004). Microbial transformation of 
nitrogen in soils and manures also generates nitrous oxide (Smith & Conen 2004). 
Therefore, taking all these into account, Western Water at Surbiton Park (WWSP) can 
possibly incorporate their biosolids either at the optimum (25 t/ha) dewatered biosolids rates 
and produce 0.7 t/ha canola seed oil or alternatively they can incorporate the computed 
maximum dewatered biosolids application rate (54 t/ha) which exceeds the crop N 
requirement onto their land using canola as energy crop and can produce 1.5 t/ha of canola 
seed oil which would be equivalent to 59,670 MJ from a hectare of land.  In this regard the 
use of canola and other crops requiring high nutrients would be advantageous in order to 
efficiently exploit the nutrients from land applied biosolids. 
Therefore, anaerobically digested dewatered biosolids generated from WWSP could be used 
for agricultural land application purposes without passing the composting processes since 
composting incurs additional costs and expenses. 
The economic valuation technique employed in this study, did not take into account the 
production costs to produce the canola seed, conversely it would also be important to take 
into consideration that biosolids not only supply N, P and K but also biosolids have other 
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side benefits such as the provision of plant micronutrients (Cu, Zn, Mn), enhancement of 
soil microbial populations, supply of organic matter and improvement of structural stability 
of the soil which were not included in the nutrient replacement valuation technique. These 
side benefits may increase the future demand for biosolids as valuable resource for plant 
nutrients and contribute for the wider acceptance of beneficial use of biosolids by crop 
growers as an alternative to conventional fertilizers. 
Although, the value of biosolids depends on the quantity of plant available nutrients 
contained in the biosolids, the type of crop species that a grower chooses to supply in the 
market could also affect the price of biosolids, since different crop types do have different 
market prices which could inturn affect the marginal physical products of the biosolids. 
Hence, crop growers need to choose high valued crops so as to obtain maximum profit 
margin from land applied biosolids.  
Biosolids are valuable resource, because of the nutrients and organic matter contained in it. 
It is from this perspective that this chapter quantified the value of biosolids in monetary 
equivalence. 
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9 
CHAPTER 9. CONCLUSIONS  
 
This study has shown that dewatered biosolids and composted biosolids applications 
significantly increased the yield and yield components of canola and oats. The number of 
branches, pods per plant and plant height for canola and the number of grains per panicle and 
height of the oat crop were increased following biosolids applications. These increases in the 
yield components significantly contributed to the seed and biomass yields increments of both 
crops, evidenced by the significant positive correlations observed between seed and plant 
biomass, between the number of pods and branches for canola and  between seed yield and 
plant height in the oat crop. The following observations were made: 
Canola seed yields were optimum at 25 t/ha (1055 kg total N/ha) dewatered biosolids and at 
30 t/ha (432 kg total N/ha) composted biosolids loading rates in the 2006 experiment, while, 
the optimum oats seed yield in the 2006 trial were observed at the 25 t/ha dewatered biosolids 
and 50 t/ha (720 kg total N/ha)   composted biosolids rates, respectively 
In the 2007 trial, the optimum canola seed yield were observed at the 45 t/ha (1899 kg total 
N/ha) dewatered biosolids and 50 t/ha composted biosolids rates, respectively. The optimum 
dewatered biosolids and composted biosolids rates in 2007 were shifted for both biosolids 
types, these increases might be due to inter seasonal variations in the response of the two 
crops to biosolids nutrients 
At the higher biosolids applications canola and oats seed and dry biomass yields were greater 
than fertilized and unamended control plots for both crops  
Canola and oats seed and biomass yields obtained from dewatered biosolids treatments were 
significantly higher than those recorded from composted biosolids treated plots. The response 
of canola to biosolids applications in terms of yield and yield components was higher than 
oats crops for both biosolids types in both years of the experiments 
The applications of both biosolids types increased the concentrations of total N, P and S in 
canola seed, however seed oil concentration was decreased as biosolids application rates 
increased and was negatively correlated with the concentrations of total N in canola seed 
negatively impacting the quality the oil, nevertheless, the significant increase in the quantity 
of seed yield due to N from biosolids compensated for any decrease in seed oil concentration 
by increasing the quantity of seed oil 
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Although, levels of Cu, Zn and Fe determined using both ICP-MS and XRF in biosolids 
amended soil showed an increasing trend as both types of biosolids  applications increased, 
XRF determined total metals levels as expected were significantly higher than their 
corresponding ICP-MS determined values 
Slight increments in the values of the ratio of ICP-MS to XRF values for most of the heavy 
metals at higher biosolids application rates (45 and 65 t/ha dewatered and 50 and 70 t/ha 
composted biosolids rates) were observed, indicating that HNO3/H2O2 extraction procedure 
prior ICP-MS analysis was to some extent enhanced by the organic matter content of the 
amended soil 
Though ICP-MS had higher sensitivity and lower detection limits than XRF, XRF is a better 
option for total metal analysis particularly for soil analysis due to its shorter preparation time 
and ease of instrument operation. In addition to this, the smaller the standard deviations and 
consistency of the results and the higher the recoveries of the standard reference materials, 
XRF would be the preferred option for routine laboratory analysis of soil samples 
The total and DTPA extractable concentrations of Cu, Zn, Mn, Fe, Co and Pb in the amended 
soil increased following dewatered biosolids and composted biosolids applications. However, 
total Cu and Zn concentrations determined by XRF even at the highest 65 and 70 t/ha 
dewatered biosolids and composted biosolids amended plots did not exceed the maximum 
EPA permitted ceiling limits for soils receiving biosolids used for crop production  
A significant change in soil pH following biosolids application was observed, where 
dewatered biosolids lowered the soil pH, while composted biosolids increased the pH of the 
soil at higher biosolids application rates  
The study  has also clearly demonstrated that the concentrations of DTPA extractable soil Zn 
and Fe residue recorded after two years for canola-oats rotation were significantly higher than 
the levels found in the oats-canola cropping sequence  
This could be due to canola’s efficiency in terms of absorbing the soluble metals from the soil 
solutions than the oat crop. It is also speculated that due to the organic acids released by 
canola roots which could possibly decompose the organic matter thereby increasing the 
soluble metals into the soil system. Moreover, when the canola roots residues decompose they 
may add organic acid into the soil which may convert the insoluble metal fractions into 
soluble forms and hence raising the available metal fractions in the canola-oats cropping 
sequence, or this may probably be due to the lower yield of oats recorded in year two due to 
rust infestation of the crop 
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Significant positive correlations between DTPA extractable metals and their respective 
concentrations in canola and oats tissue were also observed, indicating the use of DTPA 
extractable heavy metals as reliable estimate of plant available heavy metals in soil 
Among the metals investigated in this study, the uptake of Cu and Zn by canola crop was 
significantly higher than the control plots and was linearly related to application rate. On the 
other hand Cu and Zn uptake by oats showed a plateau type response  
In addition to this, the concentration of Cu and Zn uptake by canola was significantly higher 
than the levels observed in oats leaves, hence the use of canola in rotation with other cereal 
crops in biosolids amended soil could be used to extract some of the soluble Cu and Zn from 
the soil            
The solubility of heavy metals and their subsequent uptake by plants mainly depends on soil 
properties such as pH, organic matter, CEC and clay content of the receiving soil.  Thus, 
periodic monitoring of these soil properties in biosolids amended soil would be important 
with emphasis given to soil pH. For instance if biosolids are repeatedly applied in sandy 
acidic soils, the total Cu and Zn levels in biosolids amended soils need to be monitored on a 
regular basis to protect the soil quality   
If biosolids are added at agronomic rate (1NLBAR for canola which is equivalent to 10 t/ha 
ds), dewatered biosolids can consecutively be applied for 64 years whereas for the oat crop 
since 1NLBAR was equivalent to 11 t/ha ds, thus dewatered biosolids can be applied for 45 
successive years to reach the Victorian EPA maximum ceiling limits for Zn. For reasons of P 
management, biosolids should be applied once in a crop rotation therefore in reality it may 
take greater than 200 years in total to reach the soil limits. In addition, the metal residue 
models are based on a cultivation depth of 10 cm, in practice the plough depth may be 25 cm, 
so the maximum concentration might not be attained for 500 years in practice 
Even though, nutrients and metals residues accumulated in soil and plant also partly depends 
on previous history, crop disease and other factors, the oats-canola cropping sequence could 
be suggested as a better cropping option to relatively utilize nutrients from the biosolids than 
the canola-oats cropping sequence since it significantly reduced the Zn and Fe concentrations 
accumulated in the amended soil, however, further study on the impact of crop rotation on 
nutrients levels accumulated in biosolids amended soil need to be conducted 
As expected, the concentrations of total and extractable forms of N and P in soil and in plants 
also increased significantly following dewatered biosolids and composted biosolids loading 
rates. Dewatered biosolids and composted biosolids applications also increased the S status of 
the soil. However, a considerable amount of total and Olsen-extractable P remained in the 
biosolids amended soil after crop harvest and this exceeded the agronomic requirements of 
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both crops. Nonetheless, since the biosolids receiving soil had a clay content of 31 %, with 
pHw of 6.5, CEC (7 meq/kg) and organic carbon (2.6 %), it may not pose any threat to soil or 
ground water contamination since the clay minerals are likely to  bind with P before leaching 
could occur 
The accumulated P could be used for producing a subsequent crop through crop rotation. The 
available soil P also supports weed growth which would reduce runoff availability but 
compromise crop quality 
The observed NO3-N concentration leaching down in the 20 cm soil depth of the canola plots 
was significantly lower than the levels found in the oats plots, confirming canola’s greater 
capacity to take up NO3-N from biosolids amended soil. In this study, the risk of ground water 
contamination due to leaching of NO3-N down the soil profile due to biosolids application 
was negligible and did not cause any problem, since most of the NO3-N was accumulated on 
the top 20 cm soil depth, however, as single measurement of NO3-N at the end of the growing 
period was taken, it is suggested that NO3-N measurements need to be taken at different 
season of the year for a better understanding and conclusion of NO3-N leaching potential in 
biosolids amended soil. Moreover, in the inorganic fertilizer treated plots, the fertilizers were 
not incorporated into the soil, and it is expected that some portion of the nitrogen may have 
been lost through NH3-N volatilization and denitrfication processes and was not compared in 
the assessment of NO3-N leaching 
From the results of the study, it can be suggested that the two biosolids types had different 
physical and chemical properties and behaved differently, and thus the relevance and 
assumption of using NLBAR (nitrogen limited biosolids application rate) may not be valid for 
all types of biosolids products, and underestimated the organic nitrogen mineralization rates, 
furthermore nutrient release properties of the two biosolids could be different and depends 
soil temperature, moisture, crop and soil types. Hence, it is suggested that biosolids 
application should take into account the soil and biosolids type and the specific site 
characteristics of the area receiving the biosolids 
The correlations between total N in soil and total N and NO3-N in canola and oats were 
significant. Likewise, significant positive correlations were also noted between total P in soil 
and extractable P in canola and oats. In addition to this, soil test values for total N, NO3-N and 
Olsen-P could be used to predict the plant available and uptake of these nutrients in biosolids 
amended clay loam soil 
Similar to the findings of the heavy metals, significantly higher concentrations of Olsen-P and 
total-N residue accumulated in the canola-oats cropping sequence than in the oats-canola crop 
rotation in both dewatered and composted biosolids treated plots. 
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Total N and acetic acid extractable P in canola leaves were significantly higher than in oats 
leaves indicating that canola extracted more N and P from biosolids amended soil than oats, 
indeed due to its high nutrient (N, P and S) requirements, canola could thus be used as a clean 
up crop particularly in biosolids amended land 
The oats-canola cropping sequence could serve as an alternative option to efficiently utilize 
the residual nutrients in a biosolids amended soil and reduce the build up of nutrients and 
heavy metals in biosolids receiving soil. Hence, growers may benefit from the N and P 
residues from biosolids by adopting an oats-canola rotational cropping system to effectively 
utilize the N from biosolids and employ the accumulated P in the receiving soil. However, it 
can also be suggested that long term crop rotation trials using various crops need to be 
conducted in order to further verify the impact of cropping sequence on nutrients and heavy 
metals accumulated in biosolids amended soil. Moreover, to efficiently remediate the 
accumulated P in the biosolids amended land, it can also be suggested that studies particularly 
focusing on the phytoextraction capacity of both Australian indigenous and exotic plant 
species need to be further investigated 
Depending on the P status of a particular soil, the future use of biosolids limited phosphorus 
application rates (PLBAR) under Victorian agricultural context needs to be further 
investigated for sustainable management of P on biosolids amended land. 
Undoubtedly, the mineralization rates of organic-N and P contained in biosolids depends on 
various environmental factors, of which soil moisture, temperature, biosolids characteristics 
and microbial activity are the key elements and hence in order to safeguard excessive soil 
residue and the leaching of N and P down the soil profile, knowledge of the potentially 
mineralizable components of the organic-N and P in biosolids would be an important subject 
that entails further investigation  
It would be important to adopt a systems approach to the application of the two crops selected 
for trial to determine if there are economic benefits in having higher biosolids loadings on 
smaller areas of land supporting canola compared with lower loadings supporting oats. 
Opportunities for breeding crops specifically for biosolids utilization and biofuel processing 
should also be explored as this experiment has demonstrated that both crop selection and type 
of biosolids impacted nutrient uptake, accumulations and dry matter production  
After year one and year two successive land applications of dewatered biosolids and 
composted biosolids, the level of pathogens surviving in the amended soils were very low 
compared with the EPA Vic. guidelines for grade T1 “unrestricted” use of biosolids which 
requires an E.coli measure of < 100 per gram of dry biosolids and < 1 Salmonella per 5 g of 
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sample. Hence, the biosolids complied with the bacterial requirements so far tested for 
unrestricted agricultural use 
Estimating the economic value of biosolids as environmental goods could be a sensible 
approach particularly for crop growers who may consider replacing part of the plant nutrients 
requirements with nutrients from biosolids than with conventional fertilizers. It enhances the 
efficient utilization of biosolids by the agribusiness sectors. Waste Water treatment authorities 
will also be encouraged in recycling and use of the various nutrients contained in the biosolids 
and further formulate and adopt a new biosolids policy and install improved dewatering and 
treatment facilities to produce cleaner biosolids products which can be sold to either the 
agribusiness sectors or to crop growers at reasonable prices. This further contributes to 
sustainable management of biosolids in Victoria 
Results of the study clearly demonstrated that dewatered biosolids had greater value than 
composted biosolids, this was evidenced by the significantly higher concentrations of total 
nitrogen levels in dewatered biosolids than in composted biosolids which was reflected in the 
considerably higher canola seed yield recorded in dewatered biosolids treated canola plots 
than composted biosolids treated plots in the field experiment.  Dewatered biosolids gave 
significantly higher quantity of canola seed oil and had greater value than the amount of seed 
oil produced from composted biosolids 
Since composting incurs additional costs and is expensive, anaerobically digested dewatered 
biosolids generated from WWSP, without passing the composting process may possibly be 
incorporated at the optimum (25 t/ha or 1055 total N/ha) rates to produce 0.7 t/ha canola seed 
oil or alternatively, the computed maximum dewatered biosolids application rate (54 t/ha or 
2279 total N/ha)) which exceeds the crop N requirement  can be incorporated to produce 1.5 
t/ha of canola seed oil which would be equivalent to 59,670 MJ from a hectare of land.  In this 
regard the use of canola and other crops requiring high nutrients would be advantageous in 
order to efficiently exploit the nutrients from land applied biosolids 
The environmental valuation techniques employed in this study, did not take into account the 
production costs incurred to produce the canola seed, however it would also be important to 
take into account that biosolids not only supply N, P and K but also biosolids could provide 
other side benefits such as the provision of plant micronutrients (Cu, Zn, Mn), enhancement 
of soil microbial populations, supply of organic matter and improvement of structural stability 
of the soil which were not included in the valuation process. Knowledge of the various side 
benefits of biosolids and its alternative use as conventional fertilizers would increase the 
demand for beneficial use of biosolids by crop and livestock farmers which inturn contributes 
to sustainable management of land applied biosolids 
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The quantity of plant available nutrients contained in the biosolids and the types of crops that 
a grower produces would ultimately determine the price (value) of biosolids, and thus to 
maximize profit and farm income from the application of biosolids, growers need to be 
selective in choosing high valued crops 
To effectively promote the agricultural land application of biosolids in Victoria and improve 
the process of adoption by the farming community, the collaborative works between 
researchers and government departments together with the media is crucially important 
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APPENDICES 
 
APPENDIX A 
 
 
Calculations of biosolids loading rates based on nitrogen limited biosolids application rates 
(NLBAR) 
 
 
Based on the data presented in chapter 4 Table 4.1, for concentrations of total-N, NH4-N and 
NO3-N in dewatered and composted biosolids, the nitrogen limited biosolids application rates  
(NLBAR) and their equivalent biosolids loading rates (t/ha) were calculated for both biosolids 
and crop types (NSW EPA, 1997). Available N requirement of 100 and 110 kgN/ha/yr for canola 
and oats, respectively were taken into account while calculating the NLBAR. Since the biosolids 
were stockpiled for over two years period, it was also assumed that some of the NH4-N fractions 
may have been lost through ammonia volatilization, and hence the concentrations of the NH4-N 
measured in the biosolids were taken as it was while calculating the available nitrogen in the 
biosolids (ABN). 
 
Calculation of NLBAR for dewatered biosolids (2006) 
 
)/(
)/()/(
tkgABN
hakgCNRhatNLBAR =  
 
 
ABN (kg/t) = ( ) ( ) ( ) MRNInorganicTNNOxidizableNNH ×−−+−+−4  
 
ABN (kg/t) =      [ ] ( )[ ] %153434 ×−+−−+−+− NNONNHTNNNONNH  
 
 
Where CNR = crop nitrogen requirement, ABN = available biosolids nitrogen and MR= 
mineralization rates respectively. Hence, assuming 15 % mineralization rates of organic-N during 
the first year, the values of TN, NH4-N and NO3-N (mg/kg) were inserted in the above equation 
and gives: 
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ABN (kgN/t) = [ ] ( )[ ] %158303735421008303735 ×+−++  
 
ABN (kgN/t) = [ ] [ ] %1525.56304565 ×+  
ABN (kgN/t) = [ ]kgmg /10195  
ABN (kgN/t) = 10 kg N/ t of dewatered biosolids  
)/(
)/()/(
tkgABN
hakgCNRhatNLBAR =  
 
)/10
/100
tkgN
hakgNNLBAR =  = 10 t/ha dewatered biosolids for canola crop 
)/10
/110
tkgN
hakgNNLBAR =  = 11 t/ha dewatered biosolids for oats crop 
 
 
Calculation of NLBAR for composted biosolids (2006) 
 
The same procedure was followed in the calculation of 1 NLBAR for canola and oat crops using 
composted biosolids, however 10 % organic–N mineralization rates during the first year of the 
experiment was assumed in the computation. 
 
ABN (kgN/t) = [ ] ( )[ ] %103434 ×−+−−+−+− NNONNHTNNNONNH  
ABN (kgN/t) = [ ] ( )[ ] %10186421131430018642113 ×+−++  
ABN (kgN/t) = [ ] [ ] %10323,103977 ×+  
ABN (kgN/t) = 5009.3 mg/kg 
ABN (kgN/t) = 5 kg N/t of composted biosolids 
)/(
)/()/(
tkgABN
hakgCNRhatNLBAR =  
hat
tkg
hakghatNLBAR /20)/(5
)/(100)/( ==  composted biosolids for canola 
hat
tkg
hakghatNLBAR /22)/(5
)/(110)/( ==  composted biosolids for oat 
Biosolids were incorporated into 10 cm soil depth based on multiples of the calculated NLBAR 
for canola and oats crops. 
 In the 2007 experiment, dewatered and composted biosolids were applied at the same rates as in 
2006, however 6 and 5 % organic-N mineralization rates of dewatered and composted biosolids 
applied in 2006 was assumed to continue in 2007. The amount of this expected organic-N to 
mineralize in dewatered and composted biosolids was: 6 % × Organic-N in dewatered biosolids; 
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6 % × 37535 mgN/kg = 2252 mgN/kg ~ 2.25kgN/t of dewatered biosolids, whereas for 
composted biosolids 5 % ×Organic-N in composted biosolids. 
5% × 10323 mgN/kg = 516.15 mgN/kg ~ 0.52 kgN/t of composted biosolids. 
Thus, the expected organic-N mineralization in 2007 from 2006 applied biosolids (6 and 5 % of 
the organic-N in dewatered biosolids and composted biosolids, respectively was added in the 
2007 repeated biosolids application.   
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APPENDIX B  
 
Comparisons between WD-XRF and ICP-MS determined total heavy metal 
residuals in biosolids amended soil 
 
Introduction 
 
This appendix compares the concentrations of total heavy metals in biosolids amended soils 
determined using WD-XRF and ICP-MS. The “total” heavy metals determined by ICP-MS were 
extracted using a solution of concentrated (70 %) nitric acid and (30 %) hydrogen peroxide 
(HNO3/H2O2), whereas dry biosolids amended soil samples were analysed using WD-XRF.  
The two analytical instruments were compared to determine the reproducibility (precision) and 
accuracy of the soil analytical data and quantify the relationship between the two instruments. 
This evaluation would help to choose an instrument that could be suitable for routine laboratory 
analysis of biosolids amended soil samples. 
After harvesting canola and oats crops in the 2006 field experiment, thirty soil cores per plot at 
10 cm soil depth were sampled and made into one composite sample, hence a total of 72 samples 
were taken from the 72 dewatered and composted biosolids amended canola and oats plots. 
Samples were analysed based on the analytical procedures mentioned in chapter 3 under section 
3.7 and 3.8 for ICP-MS and XRF respectively. 
 
 
B.1. ICP-MS analysis 
 
ICP-MS is a powerful technique for the simultaneous determination of metals in aqueous solution 
(Hall, 1993). It uses plasma to ionize sample components which its quadrupole discriminates 
according to mass.  
Sample introduction is accomplished by direct aspiration of small liquid volumes. The analysis 
time is rapid allowing replicate analysis, external and internal standardization and quality control 
procedures in line with the U.S. Environmental Protection Agency’s guidelines (USEPA, 1990). 
The most frequent types of environmental samples being analysed using ICP-MS today for trace 
element determinations include drinking waters, ground waters, wastewaters, river waters, 
estuarine waters, seawaters, solid waste, soils, sludges, sediments, and airborne particulates  
(Robert, 2004). 
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B.1.1. Analytical quality assurance 
 
 
To validate the analytical data for HNO3 /H2O2 extractable pseudo total heavy metals 
determined using ICP-MS, certified reference material CRM 031-040 (sewage sludge) was 
analysed in duplicate for every 18 batch of biosolids amended soil samples. Appendix D Table 
D-5 shows details of the recoveries of each of the heavy metals, whereas appendix Table B-1 
summarizes the recoveries of Cu, Zn, Mn, Fe, Ni and Pb along with their certified values.  
The minimum recoveries (65 and 82 %) were observed for Ni and Pb respectively, whereas the 
maximum recovery for Zn was 119 %; similarly Mn and Fe had relatively comparable maximum 
recoveries of 96 and 94 % respectively. Generally, a 100 % recovery for all the heavy metals was 
not expected because the certified reference material (CRM030-041) was supposed to be digested 
with HCl, HNO3, HF and HClO4 acid mixtures, but in this case, the reference material was 
digested using HNO3/H2O2  solution. 
 
 
 
 
 
B.1.2. ICP-MS determined ‘total’ metals 
 
Before the start of the field experiment, soil samples from the experimental site, dewatered 
biosolids from WWSP and composted biosolids from Pinegro were taken and the heavy metals 
were extracted with HNO3/H2O2 and analysed using ICP-MS each in duplicate.  
Table B-2 below shows that Cu and Zn in dewatered biosolids were higher than the levels found 
in composted biosolids, whereas Fe and Ni were higher in composted biosolids. The 
concentrations of Pb were relatively similar in both biosolids.  
Table B-1 Recoveries of ‘total’ metals in CRM031-040 (Sewage sludge standard reference 
material) extracted using HNO3 /H2O2 and analysed by ICP-MS for data validation purposes 
(expressed in mg/kg). 
Elements Measured Certified Recovery (%)  
Cu 727 ± 23 805 ± 91.1 88-90 
Zn  1300 ± 100 1060 ± 88.6 88-119 
Mn 190 ± 60 199 ± 24.6 89-96 
Fe 9300 ± 100 9810 ± 824 88-94 
Ni  17.4 ± 0.1 19.60 ± 3.34 65-91 
Pb  125 ± 10 119 ± 17.77 82-105 
The CRM031-040 (Sewage sludge standard reference material) was analysed using ICP-MS in duplicates and 
values indicate mean ± sd for each of the elements. 
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The levels of most of the heavy metals found in the soil were significantly lower than the levels 
found in both biosolids types with the exception of Fe ( see also Appendix D Table D-1 to D-4). 
 
Table B-2  ICP-MS determined concentrations of ‘total’ metals and micronutrients in soil, 
dewatered biosolids and composted biosolids (expressed in mg/kg) 
Analytes Soil Dewatered biosolids Composted biosolids 
Cu 9 ± 1 416.0 ± 0.1 138 ± 1 
Zn 2.0 ± 0.3 519 ± 1 365 ± 45 
Mn 134 ± 2 170 ± 26 319 ± 4 
Fe 25896 ± 349 9399 ± 155 28576 ± 150 
Ni 14.8 ± 0.7 22 ± 3 27.2 ± 0.1 
Pb 10.1 ± 1 29.9 ± 0.4 25 ± 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B-3 Results of HNO3/H2O2 ICP-MS determined ‘total’ soil metals and 
micronutrients in dewatered biosolids amended canola and oats plots expressed in 
mg/kg, 2006. 
Dewatered biosolids amended soils from canola plots. 
Biosolids rates (t/ha) Cu Zn Mn Fe 
0 1.8 ± 0.4 10.1 ± 0.2 121 ± 2 20955 ± 3192 
5 1.4 ± 0.7 9 ± 3 118 ± 3 17009 ± 777 
25 6 ± 2 20 ± 5 132 ± 4 23595 ± 536 
45 17.4 ± 0.4 27 ± 10 154 ± 4 28059 ± 202 
65 16 ± 2 22 ± 6 137 ± 22 26150 ±  454 
F 2.8 ± 2.0 13 ± 10 118 ± 10 17757 ±162 
LSD 0.05 2.8*** 10.7* 19* 2784*** 
Dewatered biosolids amended soils from oats plots. 
Biosolids rates (t/ha) Cu Zn Mn Fe 
0 9.80 ± 0.01 13 ± 1 125 ± 3 17900 ± 290 
5 11 ± 1 14 ± 2 123 ± 2 17125 ± 115 
25 14 ± 1 21± 3 131 ± 2 22937 ± 1069 
45 19 ± 1 27 ± 4 134 ± 6 23737 ± 512 
65 18 ± 2 27 ± 3 131 ± 3 23033 ± 819 
Fertilized 2.6 ± 0.6 16 ± 6 121 ± 3 17150 ± 650 
LSD 0.05 2.2*** 4.9*** 7.1* 1257*** 
The superscripts ***, **, * and ns refers to significant treatment effects in ANOVA (F-test) at p < 
0.001, p < 0.01, p < 0.05 and not significant respectively, LSD stands for least significant difference 
(t-test) between mean values at p<0.05 level. Values indicate means of triplicate measurements (n = 
3). 
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Dewatered biosolids and composted biosolids amended soil samples were taken after harvesting 
canola and oats crops in the 2006 field experiment and analysed using ICP-MS. The analytical 
results obtained from ICP-MS analysis are presented in Table B-3 and Table B-4 below. 
Significant increases in the concentrations of Cu, Zn, Mn and Fe following dewatered biosolids 
application were noted. Similarly, the concentration of Cu, Zn and Fe in composted biosolids 
treated canola and oats plots also showed significant increases due to biosolids loadings; 
however, Mn concentrations in composted biosolids treated plots was not significantly different 
from the unamended control plots. 
 
 
 
 
 
 
 
 
 
 
 
 
Table B-4 Results of HNO3/H2O2 extracted and  ICP-MS determined ’total’ metals and 
micronutrients in composted biosolids amended soils in the 2006 experiment 
Composted biosolids amended soils from canola plots 2006, mg/kg 
Biosolids rates 
(t/ha) 
Cu Zn Mn Fe 
0 10 ± 1 28 ± 8 121 ± 8 17900 ± 1360 
10 11.4 ± 0.4 43 ± 6 128 ± 4 17625 ± 405 
30 13 ± 1 44 ± 8 128 ± 6 23123 ± 1279 
50 15 ± 1 46 ± 12 133 ± 5 23210 ± 1360 
70 17 ± 1 65 ± 17 133 ± 2 23340 ± 1008 
Fertilized 2.2 ± 0.4 18 ± 15 122 ± 2 17163 ± 757 
LSD 0.05 1.5*** 20.8* ns 2380*** 
Composted biosolids amended soils from oats plots 2006, mg/kg 
Biosolids rates 
(t/ha) 
Cu Zn Mn Fe 
0 2 ± 1 16 ± 9 120 ± 16 16457 ± 246 
10 5 ± 2 30 ± 6 117 ± 1 17045 ± 615 
30 8 ± 3 46 ±12 127 ± 3 22157 ± 540 
50 12 ± 1 44 ± 6 124 ± 7 22990 ± 250 
70 20 ± 3 63 ±15 132 ± 5 22475 ± 35 
Fertilized  2.4 ±0.2 11 ± 4 116 ±10 17007 ± 916 
LSD 0.05 3.7*** 20** ns 714*** 
The superscripts ***, **, * and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.001, 
p < 0.01, p < 0.05 and not significant respectively, LSD 0.05 stands for least significant difference (t-test) 
between mean values at p < 0.05 level. Values indicate means of triplicate measurements (n = 3). 
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B.2. X-ray fluorescence spectrometry (XRF) analysis 
 
 
X-ray fluorescence spectrometry (XRF) is the most widely used method for the routine analysis 
of geological samples, including common rocks, soils and sediments, when major and common 
trace element data are required (Potts, 1998; Basta and McGowen, 2004). It is a non destructive 
analytical technique used to determine the elemental composition of various materials (Potts, 2004). The 
advantages of using XRF for elemental analysis include: faster analysis, low cost per sample and good 
accuracy and precision (Hans et al., 1992). Since it requires no extraction procedure, the analyst does not 
rely on good recovery from extraction procedure. 
Sample preparation required for XRF analysis is minimal compared to conventional analytical 
techniques. However, for solid samples, since particle size, composition, and element form may 
affect the analysis, a homogeneous sample is usually prepared for quantitative analysis. It allows 
simultaneous determination of most elements with the exception of those with atomic number 
below 8.  
Wavelength dispersive XRF spectrometry technique uses a crystal to diffract the X-rays, as the 
ranges of angular positions are scanned using a proportional detector and is the technique most 
used in soil analysis (Alloway, 1995). Because of its unique power in measuring the elemental 
composition of silicates and sulfides, the XRF method is an important instrument for the analysis 
of independent reference data (Jones, 1982). 
For high quality results, samples should be analysed as glass disks, to eliminate mineralogical 
and particle size effects. Pressed pellets can also be used (Ma and Li, 1989) even for silicate rock 
analysis (Longerich, 1995). 
 
 
B.2.1. Analytical quality assurance 
 
 
 
For XRF analysis of total metals in soil/biosolids and biosolids amended soils, external 
calibration curves for each of the metals were established by analysing eight soil standard 
reference materials (NCS DC 73319, NCS DC 73320, NCS DC 73321, NCS DC 73322, NCS DC 
73323, NCSDC 73324 NCS DC 73325  NCS DC 73326).  Table B-5 shows the measured and 
certified values of these standard reference materials.  
To validate the established calibration curves, Till1 and Till3 soil standard reference materials 
obtained from Canada were treated as samples and analysed for Cu, Zn, Mn, Ni and Pb and Fe. 
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The percentage recoveries of each of the metals compared with the certified values are shown in 
Table B-6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B-5 Total metal concentrations of eight soil standard reference materials with their 
percentage recovery analysed using X-ray Fluorescence spectrometry for the purpose of 
establishing external calibration curves (expressed in mg/kg). 
Soil SRM Cu Zn Mn Ni Pb Fe  
NCS  73319 Certified 21±2 680±25 1760±63 20.4±1.8 98±6 51900 ± 900 
Measured 20  679  1730  22  80 52000 
Recovery (%) 95.2 99.9 98.3 107.8 81.6 100.2 
NCS  73320 Certified 16.3±0.9 42±3 510±16 19.4±1.3 20±3 35200±700 
Measured 18 49 470 18 23 34000 
Recovery (%) 110.4 116.7 92.2 92.8 115.0 96.6 
NCS  73321 Certified 11.4±1.1 31±3 304±14 12±2 26±3 20000±500 
Measured 12 33.7 290 13 21 20000 
Recovery (%) 105.3 108.7 95.4 108.3 80.8 100.0 
NCS  73322 Certified 40±3 210±13 1420±75 64±5 58±5 103000±1100 
Measured 40 214 1400 63 78 104000 
Recovery (%) 100.0 102 98.6 98.4 134.5 101.0 
NCS  73323 Certified 144±6 494±25 1360±71 40±4 552±29 126200±1800 
Measured 141 490 1340 43 546 127000 
Recovery (%) 97.9 99.2 98.5 107.5 98.9 100.6 
NCS  73324 Certified 390±14 97±6 1450±82 53±4 314±13 80900±1300 
Measured 390 94 1500 52 323 83000 
Recovery (%) 100.0 96.9 103.4 98.1 102.9 102.6 
NCS  73325 Certified 97±6 142±11 1780±113 276±15 14±3 187600±3300 
Measured 100 151 1820 276 11 187000 
Recovery (%) 103.1 106.3 102.2 100.0 78.6 99.7 
NCS  73326 Certified 24.3±1.2 68±4 650±23 31.5±1.8 21±2 44800±500 
Measured 24 70 600 29 21 44000 
Recovery (%) 98.8 102.9 92.3 92.1 100.0 98.2 
Note: Data behind “±” indicates uncertainty, U = tα × S/√N, where α = 0.01, S refers to standard deviations and N for 
number of data (N > 8). For the measured values the standard deviations of the calibrated metals were: Cu (± 4); Zn 
(± 5); Mn (± 10); and Ni (± 2); Pb (± 3) and Fe (± 0.6). 
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Table B-6 shows the results obtained from XRF analysis of Till 1 and Till 3 soil certified 
reference materials for Cu, Zn, Mn, Fe, Ni and Pb together with their certified values. The 
recovery of each of the heavy metals was calculated based on the value for Till 1 and Till 3 
[(measured value (µg/g)/ certified value of Till (µg/g)) Χ100]. The lowest values recovered were 
84 and 87% were found for Ni in Till1 and for Mn in Till3 respectively. The recoveries for Cu, 
Zn, Mn and Ni ranged between 91 to 101% except for Pb values in Till3 which were below 
detection limit. There were no significant differences between the measured and certified values 
(p > 0.05, pair wise t-test). 
 
 
B.2.2. X-ray fluorescence determined total metals 
 
 
Results of XRF analysis for soil, dewatered biosolids and composted biosolids showed that Cu 
and Zn levels in dewatered biosolids were considerably higher than the corresponding 
concentrations found in soil and composted biosolids, whereas the level of Mn found in soil and 
composted biosolids was slightly higher than the levels recorded in dewatered biosolids. The 
level of Fe found in dewatered biosolids was lower than the concentrations determined in soil and 
composted biosolids.  Concentrations of Pb in composted biosolids were significantly higher than 
the levels found in soil and dewatered biosolids (Table B-7). Higher levels of Mn and Pb 
observed in the composted biosolids could be due to composting processes which increases 
concentrations of heavy metal (García et al., 1990; Ciavatta et al., 1993) because of microbial 
degradation of part of the organic matter and loss of volatile solids (Smith and Hall, 1991). Soil 
can also be considered as a source of heavy metals in both green waste and source segregated 
Table B-6 Results of total metal concentrations for two soil Standard Reference 
Materials Till 1 and Till 3 analysed using XRF and expressed in ( mg/kg) for validating 
the analytical data. 
Till1 Measured Certified Recovery% Till3 Measured Certified Recovery % 
Cu  44 47 93 Cu  20 22 93 
Zn  90 98 91 Zn  54 56 97 
Mn  1310 1420 92 Mn  451 520 87 
Fe  43500 48100 91 Fe  25000 27800 93 
Ni  20 24 84 Ni  39 39 101 
Pb  21 22 97 Pb - - - 
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waste and would be accountable for increasing the metal concentrations of compost above quality 
limits (Fricke and Vogtmann, 1994). 
Zn and Pb in most cases present in the largest amounts in source and mechanically-segregated 
municipal solid waste compost and green waste composts (Zennaro et al., 2005). The 
concentration of Pb in compost from mechanical-sorting municipal solid waste may be higher 
than the total Pb concentration measured in sewage sludge (Smith, 2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Substantial increases in the concentrations of XRF determined total Cu, Zn and Mn residuals 
were also observed in plots treated with dewatered biosolids, however levels of Fe in canola plots 
and Mn in oats plots treated with dewatered biosolids were not significantly different from the 
control plots. Also, significant increases in the levels of Cu, Zn, Mn and Fe residuals following 
composted biosolids applications were also observed, however Fe did not show significant 
increase in composted biosolids treated oat plots (Table B-8 and Table B-9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B-7 X-ray fluorescence determined concentrations of total heavy metal in 
soil, dewatered and composted biosolids expressed in mg/kg 
Analytes Soil Dewatered biosolids Composted biosolids 
Cu  17.0 ± 0.8 648 ± 1 210 ± 4 
Zn  37 ± 2 1062 ± 1 813 ± 8 
Mn  246 ± 2 213 ± 1 299 ± 6 
Fe  26000 ± 1000 14000 ± 100 25000 ± 1000 
Ni  23.3 ± 0.4 27.17 ± 0.01 21.2 ± 0.4 
Pb  11.4 ± 0.2  28 ± 3 47 ± 1 
Values indicate mean ± standard deviations of triplicate measurements 
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Table B-8 Concentrations of total metals determined using WD-XRF 
spectrometry in dewatered biosolids amended soil samples taken from canola 
plots in 2006 field experiments (mg/kg) 
Biosolids rates ( t/ha) Cu Zn Mn Fe 
Dewatered biosolids amended soils from canola plots , mg/kg 
0 14 ± 2 30 ± 1 192 ± 6 30100 ± 4400 
5 15 ± 1 33 ± 1 196 ± 3 26000 ± 1000 
25 19 ± 1 37 ± 1 194 ± 5 31600 ± 400 
45 26 ± 3 51 ± 4 204 ± 4 32500 ± 300 
65 30 ± 2 55 ± 1 210 ± 10 32000 ± 1000 
F 16 ± 1 30 ± 1 194 ± 3 26000 ± 1400 
LSD 0.05 3.1*** 3.8*** 11.3* ns 
Dewatered biosolids amended soils from oats plots , mg/kg 
Biosolids rates ( t/ha) Cu  Zn  Mn  Fe 
0 14 ± 1 31 ± 1 194 ± 6 26000 ± 1000 
5 15 ± 3 32 ± 2 196 ± 9  26000 ± 2000 
25 21 ± 3 42 ± 7 199 ± 3 32000 ± 2000 
45 25 ± 2 46 ± 2 197 ± 9 33000 ± 1000 
65 25 ± 1 47 ± 5 197 ± 7 32000 ± 1000 
Fertilized  15 ± 2 31 ± 1 201 ± 4 26500 ± 1000 
LSD 0.05 4.14*** 8.27** ns 2700*** 
The superscripts ***, **, * and ns refers to significant treatment effects in ANOVA (F-test) at p 
< 0.001, p < 0.01, p < 0.05 and not significant respectively, LSD stands for least significant 
difference (t-test) between mean values at p<0.05 level. Values indicate means of triplicate 
measurements (n = 3).  
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Table B-9 Concentrations of total metals and micronutrients determined using 
WD-XRF spectrometry in composted biosolids amended soil samples taken 
from canola plots in 2006 field experiments 
Biosolids 
rates (t/ha) 
Cu Zn Mn Fe 
Composted biosolids amended soils from canola plots  
( mg/kg) 
0 15 ± 2 33 ± 1 200 ± 1 25000 ± 1000 
10 15 ± 3 34 ± 4 193.60 ± 0.01 26000 ± 1000 
30 18 ± 2 44 ± 4 199 ± 2 31000 ± 2000 
50 23.6 ± 0.3 55 ± 4 201 ± 4 31000 ± 1000 
70 24 ± 1 59 ± 2 206 ± 2 32000 ± 1000 
Fertilized  14 ± 1 30 ± 1 199 ± 8 26000 ± 1000 
LSD 0.05 3.14*** 7*** 4.5** 1900*** 
Composted biosolids amended soils from oats plots 2006  (mg/kg) 
Biosolids rates ( 
t/ha) Cu  Zn  Mn  Fe 
0 17 ± 3 38 ± 3 235 ± 35 30600 ± 4500 
10 19 ± 1 44 ± 2 217 ± 23 29000 ± 4000 
30 24 ± 3 60 ± 13 228 ± 31 41000 ± 1000 
50 28 ± 3 73 ± 15 229 ± 27 41800 ± 200 
70 34 ± 8 91 ± 24 232 ± 32 40400 ± 600 
Fertilized  16 ± 4 36 ± 5 224 ± 39 30000 ± 5000 
LSD 0.05 5.8*** 22*** ns 4600*** 
The superscripts ***, **, * and ns refers to significant treatment effects in ANOVA (F-test) at 
p < 0.001, p < 0.01, p < 0.05 and not significant respectively, LSD 0.05 stands for least 
significant difference (t-test) between mean values at p < 0.05 level. Values indicate means of 
triplicate measurements (n = 3). 
 
 
 
 
B.3. Residuals of metals in biosolids amended soil after growing canola  
and oats and comparisons of ICP-MS and XRF techniques  
 
 
B.3.1. Metal residues in biosolids amended soil 
 
 
Figures B-1 to Figure B-5 show the change in residual “total” metal concentration for metal as 
measured by XRF and ICPMS, at each application rate, for each type of biosolids and for each 
crop. When the results of the two techniques are compared, a number of observations can be 
made. 
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 Both methods showed that the increase in the copper in canola plots treated with dewatered 
biosolids was substantially greater than the values recorded in the plots treated with composted 
biosolids, However Cu residuals recorded in the oat plots treated with dewatered and composted 
biosolids were relatively similar except for a slightly elevated Cu concentrations observed in the 
plot treated with 70 t/ha. 
On average, the results for copper using XRF were 47 % in dewatered biosolids treated plots and 
50 % more in the composted treated plots that those measured using ICP-MS analysis (Fig B-1). 
Despite the high levels of Zn found in dewatered biosolids, the concentrations of Zn residues 
observed in composted biosolids amended soil was significantly greater than Zn levels found in 
dewatered biosolids treated canola and oats plots. It is expected that greater proportion of Zn 
found in dewatered biosolids would be in the exchangeable and water soluble forms and during 
watering the canola and oats crops a substantial amount of water soluble and exchangeable forms 
of Zn may have leached down beyond the 10 cm sampling depth. 
Concentrations of Zn recorded from XRF analysis was significantly higher than the Zn levels 
recorded from ICP-MS analysis. XRF on average gives 53 % more Zn concentrations in 
dewatered biosolids treated plots than the corresponding Zn values recorded from ICP-MS 
technique. 
 The results from the composted biosolids treated plots were more variable with the XRF results 
from the oats plots being 37 % greater than those recorded from ICP-MS. However, in composted 
biosolids treated canola plots, the residuals of Zn determined using XRF and ICP-MS were 
similar. Using either technique, it can be seen that concentrations of Zn residues in biosolids 
amended soil significantly increased following increased dewatered and composted biosolids 
application rates (Fig B-2). 
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Figure B-1 A comparison between ICP-MS and X-Ray Fluorescence Spectrometry (XRF) 
determined total Cu in dewatered and composted biosolids amended soils sampled from 
canola and oats plots in 2006 field experiment.  LSD 0.05 refers to the least significant 
difference (t-test) between the mean values of Cu at 5 % probability level. The error bars 
indicate standard deviations of triplicate measurements, whereas, *** refers to significant 
treatments effects in ANOVA (F-test) at p < 0.001 level. 
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The levels of Mn residues observed in canola plots treated with dewatered and composted 
biosolids were relatively similar ; however, as expected Mn levels in composted biosolids treated 
oats plots was slightly higher than the levels found in oats plots treated with dewatered biosolids, 
since Mn concentrations in composted biosolids was higher than the levels found in dewatered 
biosolids. Concentrations of Mn recorded from XRF analysis was on average higher by 34 % in 
plots treated with dewatered biosolids than the corresponding results obtained from ICP-MS 
analysis; in composted biosolids treated plots, XRF gave 41 % more Mn than the results recorded 
from ICP-MS analysis (Fig B-3). 
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Figure B-2 A comparison between ICP-MS and X-Ray Fluorescence Spectrometry (XRF) 
determined total Zn in dewatered and composted biosolids amended soils sampled from 
canola and oats plots in 2006 field experiment.  LSD 0.05 refers to the least significant 
difference (t-test) between the mean values of Zn at 5 % probability level. The error bars 
indicate standard deviations of triplicate measurements, whereas,*,** and ***  refers to 
significant treatments effects in ANOVA ( F-test) at p < 0.05, p < 0.01 and p < 0.001 levels 
respectively. 
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Fe residues observed in dewatered biosolids treated canola and oats plots were similar. 
XRF determined concentrations of Fe in dewatered biosolids amended plots was higher than the levels 
observed in ICP-MS analysis by 27 %, likewise XRF gave 36 % more Fe concentrations in composted 
biosolids treated plots than ICP-MS results (Fig B-4). 
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Figure B-3 A comparison between ICP-MS and X-Ray Fluorescence Spectrometry (XRF) 
determined total Mn in dewatered and composted biosolids amended soils sampled from 
canola and oats plots in 2006 field experiment.  LSD 0.05 refers to the least significant 
difference (t-test) between the mean values of Mn at 5 % probability level. The error bars 
indicate standard deviations of triplicate measurements, whereas,*,** and ns refers to 
significant treatments effects in ANOVA ( F-test) at p < 0.05, p < 0.01 and not significant 
respectively. 
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Figure B-4 A comparison between ICP-MS and X-Ray Fluorescence Spectrometry (XRF) 
determined total Fe in dewatered and composted biosolids amended soils sampled from 
canola and oats plots in 2006 field experiment.  LSD 0.05 refers to the least significant 
difference (t-test) between the mean values of Fe at 5 % probability level. The error bars 
indicate standard deviations of triplicate measurements, whereas,* and *** refers to 
significant treatments effects in (ANOVA, F-test) at p < 0.05 and p < 0.001 respectively. 
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Pb values obtained from XRF analysis of dewatered biosolids amended soil was 31 % higher than 
the values observed using ICP-MS, whereas in composted biosolids treated canola plots, 
concentrations of Pb determined using XRF was slightly higher by 6 % than ICP-MS recorded Pb 
values. The level of Pb in oats plots treated with dewatered biosolids and in canola plots treated 
with composted biosolids increased as dewatered and composted biosolids application rates 
increased. The concentrations of XRF determined Pb in composted biosolids treated oats plots 
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Figure B-5 A comparison between ICP-MS and X-Ray Fluorescence Spectrometry (XRF) 
determined total Pb in dewatered and composted biosolids amended soils sampled from 
canola and oats plots in 2006 field experiment.  LSD 0.05 refers to the least significant 
difference mean separation (t-test) between the mean values of Pb at 5 % probability level. 
The error bars indicate standard deviations of triplicate measurements, whereas,*, **, *** 
and ns refers to significant treatments effects in (ANOVA, F-test) at p < 0.05, p < 0.01, p 
<0.001 and not significant respectively. 
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was not retrieved from the instrument, only ICP-MS determined Pb concentration in oats plots 
treated with composted biosolids was presented (Figure B-5). 
Similar with this findings Chander et al. (2008) compared the relationship between aqua regia, HNO3 
pressure digested (ICP-AES) and XRF determined heavy metals in contaminated soil and reported that the 
aqua regia digestible fraction of Pb, Cr, Cu, Zn and Ni reached on average 64 % of the XRF-detectable 
content whereas the pressure accelerated HNO3-digestible fraction of the five heavy metals was on 
average 71% of the XRF-detectable content. 
Wilson et al. (1995) analysed potentially contaminated soils for Cu, Ni and Zn contents using ICP-OES 
and XRF techniques and suggested that results obtained by XRF were slightly higher than those obtained 
by ICP-OES, due to incomplete digestion of the samples in preparation for analysis by ICP-OES. 
Makinen et al. (2005) also analysed As, Cu and Cr in soils polluted by chromated copper arsenate using 
XRF and FAAS. Their findings showed that FAAS and intrusive laboratory measurements with XRF 
showed good correlation between As and Cu results. 
Duane et al. (1995) analysed heavy metals in soil samples collected from a disused industrial area so as to 
evaluate the performance of a mobile laboratory equipped with ICP-MS (aqua regia digested) and 
compare the results with fixed-lab based ICP-AES/GFAAS and ED-XRF. From the analysis of CRM-320 
reference material, it was reported that except Cr, Zn and Pb both the XRF and ICP-MS produced similar 
results. 
 
B.4. Correlations between ICP-MS (HNO3/H2O2 extractable) and XRF determined 
total metals in biosolids amended soil 
 
Significant positive correlations were observed between the two methods (ICP-MS and XRF) 
determined Cu, Zn, Mn, Pb and Fe concentrations in both canola and oats plots treated with 
dewatered and composted biosolids as shown in Fig B-6 – Fig B-8. 
Over all, the heavy metals determined using ICP-MS and XRF in dewatered and composted 
biosolids amended soil were quite significantly correlated (Appendix E Table E-1 and E-2). 
Compared with XRF, the ICP-MS underestimated the total concentrations of heavy metals on 
average by 52 % for Cu, 64 % for Zn, 62 % for Mn and 73 % for Fe respectively. This would be 
due to the use of an HNO3/H2O2 extraction solution which would not have provided complete 
digestion of the biosolids amended soil samples for the ICP-MS analysis. 
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Figure B-6 Pearson correlation between XRF and ICP-MS determined concentrations of Cu in 
dewatered and composted biosolids amended canola and oats plots in 2006. The superscripts * 
and ** refer to significance for Pearson’s correlation coefficient at p < 0.05 and p < 0.01  level 
respectively 
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Figure B-7 Pearson correlations between XRF and ICP-MS determined concentrations of Zn 
in dewatered and composted biosolids amended canola and oats plots, 2006. The superscripts 
* and ** refer to significance for Pearson’s correlation coefficient at p < 0.05 and p < 0.01 
level respectively 
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Figure B-8 Pearson correlations between XRF and ICP-MS determined Fe and Pb in dewatered 
biosolids and composted biosolids amended canola and oats plots, 2006.  
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B.5. Relative extractability of metals in biosolids amended soil 
 
 
The relative extractability (HNO3/H2O2) of the ‘total’ metals analysed using ICP-MS are 
expressed as percent of XRF total for biosolids amended soils from canola and oats plots as 
shown in Table B-10 and B-11 respectively. For comparison purposes, the ratio of ICP-MS to 
XRF heavy metal values for the background soil, dewatered and composted biosolids were also 
presented. 
The data for the ratio of ICP-MS to XRF determined total metals for Cu, Zn, Mn, Pb and Fe 
showed some variations following dewatered biosolids application rates in canola and oats 
plots. However, the results indicated that increases in the percentage values of the ratio of ICP-
MS to XRF determined total heavy metals were observed due to dewatered biosolids 
application rates (Table B-10). 
Likewise, a slight increase in the ratio of ICP-MS to XRF percent values for Cu, Zn, Mn, Pb  
and Fe following composted biosolids applications were also noted in both canola and oats 
plots (Table B-11). 
As expected these slight increases in the ratio of ICP-MS to XRF percent values for Cu, Zn, 
Mn, Pb and Fe following dewatered and composted biosolids application rates were probably 
due to the increased organic matter added to the amended soil due to biosolids application rates. 
Hence, during the sample preparation step HNO3/H2O2 digestion had stronger and more 
aggressive effect on samples with high organic matter content, these might have contributed to 
increases in the values for the ratio of ICP-MS to XRF determined heavy metals values at 
various biosolids application rates. 
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Over all, for the analysis of total metals in soil and biosolids, the findings of this experiment 
showed that the XRF technique was rapid, more efficient and produced highly reproducible and 
accurate results than the ICP-MS technique and hence for this study, XRF was chosen for the 
analysis of total heavy metals in soil and biosolids and biosolids amended soil. 
 
 
 
 
 
 
 
Table B-10 Comparison between XRF total and ICP-MS (HNO3/H2O2 extracted)  total 
metals and micronutrients in dewatered and composted biosolids amended soils from 
canola plots after first year crop harvest in 2006 field experiment (ICP-MS values 
expressed as percent of XRF total). 
Soil samples taken from dewatered biosolids treated canola plots 
Cu Zn Mn Pb Fe Dewatered 
biosolids rates %  
ICP/ XRF 
%  
ICP/XRF 
% 
ICP/XRF 
% 
ICP/XRF 
% 
ICP/XRF 
0 12 34 63 58 70 
5 9 28 60 59 66 
25 30 57 68 61 74 
45 68 54 76 79 86 
65 53 40 66 68 82 
Soila 53 5 54 89 100 
Dewatered biosolidsb 64 49 80 107 67 
Soil samples taken from composted biosolids treated canola plots 
Cu Zn Mn Pb Fe 
Composted biosolids 
rates 
% ICP/ 
XRF 
% 
ICP/XRF 
% 
ICP/XRF 
% 
ICP/XRF 
% 
ICP/XRF 
0 67 84 61 76 70 
10 76 125 66 73 68 
30 71 101 64 81 76 
50 64 84 66 76 75 
70 69 109 65 106 73 
Soila 53 5 54 89 100 
Composted biosolidsc 66 45 107 53 114 
The superscript ‘a’ refers to the ratio of ICP-MS to XRF determined concentrations of heavy metals in soil 
(back ground levels before the start of the experiment), whereas ‘b’ and ‘c’ refer to the ratio of ICP-MS to 
XRF total heavy metal concentrations in the dewatered and composted biosolids respectively. 
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B.6. Conclusion 
 
Levels of Cu, Zn and Fe determined using both ICP-MS and XRF in biosolids amended soil 
increased as both types of biosolids  application rates increased, with XRF determined total 
heavy metals being significantly higher than their corresponding ICP-MS determined values.  
Significant positive correlation between ICP-MS and XRF determined total Cu, Zn, Fe and Pb 
were observed for soil samples taken from dewatered and composted biosolids treated canola 
and oats plots with the exception of Zn in composted biosolids treated canola plots.  
Slight increments in the values of the ratio of ICP-MS to XRF values for most of the heavy 
metals at higher biosolids application rates (45 and 65 t/ha dewatered and 50 and 70 t/ha 
composted biosolids rates) were observed, suggesting that HNO3/H2O2 extractable fractions of 
the heavy metals were to some extent affected by the organic matter content of the amended 
soil. 
Data from ICP-MS determined soil Cu, Zn, Mn, Fe and Pb values at various dewatered 
bioasolids and composted biosolids application rates in canola and oats plots showed some 
variations. These variations were expected to occur due to the increased organic matter added 
to the soil from the various biosolids application rates. Thus, during the sample digestion 
procedure HNO3/H2O2 had stronger and more aggressive effect on samples with high organic 
matter content than samples with low organic matter content, hence this might have contributed 
to the variations in the ICP-MS values expressed as percent of XRF determined total heavy 
metals.  
From the findings of this study, it can be concluded that for higher recoveries of metals in the 
biosolids amended soil, the use of alternative acids in the digestion (eg HClO4 and HF) could 
be employed for the ICP-MS analysis. 
XRF is a better option for total metal analysis particularly for soils analysis due to its shorter 
time of sample preparations and ease of instrument operation. In XRF analysis, sample 
preparation does not need pre-concentration steps and this saves time and avoids the risks from 
contamination, it does not use chemical reagents thus significantly reducing analytical costs. 
In addition to this, the smaller the standard deviations and reproducibility and consistency of 
the results, XRF would be the preferred option for routine laboratory analysis of soil samples. 
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APPENDIX C 
 
 
Concentrations of total elements in biosolids amended soils determined using x-ray fluorescence spectrometry, 2006  
 
Table C-1. X-ray fluorescence determined concentrations of total elements in dewatered biosolids amended soil in canola plots, 2006 
field experiment. 
Dewatered biosolids application rates (t/ha)  Analytes 
0 5 25 45 65 Fertilized  LSD 0.05 
P (µg/g) 647 797 876 1054 1290 769.9 93*** 
S (µg/g) 533 573 606 769 836 633.3 118*** 
Mn (µg/g) 192 196.2 194.3 203.5 209.5 194.3 11.27* 
Cu (µg/g) 14.16 14.8 19.11 25.46 30.04 15.51 3.14*** 
Zn (µg/g) 29.55 33.44 36.78 50.7 54.65 29.55 3.8*** 
Cr (µg/g)  20 25 27 30.7 38.5 10.4 ns 
Ni (µg/g) 26.02 25.17 24.48 26.83 28.55 24.93 ns 
Pb (µg/g) 11.86 10.34 12.15 11.09 12.3 9.66 ns 
Cl (µg/g) 145.1 101.4 71.4 79.6 82.8 71.11 49.7* 
Fe (%) 3.01 2.59 3.16 3.25 3.2 2.59 ns 
C (%) 5.54 6.14 5.89 6.11 6.24 6.14 0.41* 
Ca (%) 0.31 0.33 0.29 0.38 0.35 0.32 ns 
Al (%) 5.86 6.72 5.98 6.27 6.05 6.77 ns 
Na (%) 0.23 0.20 0.20 0.20 0.21 0.19 0.02* 
K (%) 0.93 0.93 0.93 0.93 0.93 0.93 ns 
Mg (%) 0.57 0.49 0.41 0.41 0.38 0.35 0.074** 
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Table C-2. X-ray fluorescence determined concentrations of total elements in composted biosolids amended soil in canola plots, 2006 field 
experiment (t/ha) 
 
Analytes 
0 10 30 50 70 Fertilized plot LSD 0.05 
P (µg/g) 719.17 947.03 1362.00 1884.00 2231.67 780.30 253.6*** 
S (µg/g) 576.53 563.75 614.3 737.63 753.83 597.70 74.8*** 
Mn (µg/g) 199.5 193.60 199.35 200.97 205.80 199.40 4.46** 
Cu (µg/g) 14.91 14.99 18.14 23.60 24.24 13.57 3.14*** 
Zn (µg/g) 32.92 34.01 43.78 54.66 59.33 30.38 6.99*** 
Cr (µg/g)  7.51 19.80 30.15 16.93 24.99 21.31 7.79** 
Ni (µg/g) 25.65 25.33 23.91 24.39 25.32 25.02 1.12* 
Pb (µg/g) 10.10 10.72 12.03 14.80 13.12 9.91 ns 
Cl (µg/g) 68.48 76.39 71.57 74.89 75.33 71.49 ns 
Fe (%) 2.55 2.61 3.06 3.11 3.18 2.61 0.19*** 
C (%) 6.61 6.72 6.39 6.58 6.76 6.64 ns 
Ca (%) 0.35 0.42 0.44 0.48 0.58 0.42 ns 
Al (%) 6.15 6.06 5.81 5.81 5.83 6.02 0.22* 
Na (%) 0.19 0.19 0.19 0.20 0.19 0.19 ns 
K (%) 0.96 0.95 0.92 0.93 0.93 0.94 0.022* 
Mg (%) 0.32 0.31 0.31 0.33 0.33 0.29 ns 
F  250.43 250.8 331.63 319.03 232.55 241.15 ns 
Mo 3.11 3.19 3.12 2.89 2.93 3.37 ns 
The superscripts ***, **, * and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.001, p < 0.01, p < 0.05 and not significant 
respectively, LSD stands for least significant difference (t-test) between mean values at p < 0.05 level. 
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Table C-3. X-ray fluorescence determined concentrations of total elements in dewatered biosolids amended soil in oats plots in 2006 field 
experiment. 
Dewatered biosolids application rates (t/ha)  Analytes 
0 5 25 45 65 Fertilized plot LSD 0.05 
P (µg/g) 707.7 780.33 942.23 1093.8 1192.67 740.53 234.6** 
S (µg/g) 531.57 506.67 580.30 753.50 673.37 551.43 136.4** 
Mn (µg/g) 193.50 195.67 198.60 196.80 197.10 200.67 ns 
Cu (µg/g) 13.92 15.11 21.05 24.55 24.58 15.42 4.14*** 
Zn (µg/g) 30.67 32.02 41.73 46.15 47.07 31.22 8.27** 
Cr (µg/g)  13.24 20.42 21.06 24.21 19.03 18.95 ns 
Ni (µg/g) 23.73 24.98 25.32 27.79 25.10 25.08 ns 
Pb (µg/g) 9.80 9.88 11.68 11.67 11.70 9.53 1.56* 
Cl (µg/g) 68.82 74.79 68.25 73.44 71.66 68.26 ns 
Fe (%) 2.58 2.59 3.23 3.25 3.15 2.65 0.27*** 
C (%) 6.50 6.70 5.80 5.90 6.50 6.61 0.55* 
Ca (%) 0.34 0.31 0.32 0.33 0.30 0.32 ns 
Al (%) 3.18 3.17 3.59 3.92 3.53 2.88 ns 
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Table C-4. X-ray fluorescence determined concentrations of total elements in composted biosolids amended soil in oats plots in 2006 field 
experiment. 
Composted biosolids application rates (t/ha)  Analytes 
0 10 30 50 70 Fertilized plot LSD 0.05 
P (µg/g) 841.17 1261.50 1876.00 3131.00 5126.00 839.57 480*** 
S (µg/g) 665.23 684.50 557.47 845.80 999.10 592.43 254* 
Mn (µg/g) 235.17 217.30 227.50 228.70 232.30 223.87 ns 
Cu (µg/g) 17.12 19.12 23.98 28.27 44.02 15.99 5.84*** 
Zn (µg/g) 37.46 44.25 59.58 73.41 123.40 35.67 22*** 
Ni (µg/g) 29.13 28.92 30.18 31.65 29.49 29.35 ns 
Cl (µg/g) 54.24 56.83 52.25 52.46 54.72 49.14 ns 
Fe (%) 3.06 2.85 4.07 4.18 4.04 3.00 0.46*** 
C (%) 3.63 5.29 2.52 4.16 4.88 4.54 ns 
Ca (%) 0.53 0.31 0.51 0.63 1.21 0.54 0.28*** 
Mg (%) 0.31 0.93 0.31 0.35 0.38 0.31 0.05*** 
K(%) 1.02 0.68 0.97 1.00 0.98 1.00 ns 
Al (%) 6.26 6.05 5.86 5.93 5.59 6.20 ns 
The superscripts * , **, ***, and ns refers to significant treatment effects in ANOVA at p ≤ 0.05, p < 0.01 p ≤ 0.001 and not significant, respectively. 
Values indicate means of triplicate measurements 
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Table C-5. X-ray fluorescence determined concentrations of total elements in dewatered biosolids amended soil oats plots in 2007 field 
experiment. 
Dewatered biosolids application rates (t/ha)  Analytes 
0 5 25 45 65 Fertilized plot LSD 0.05 
P (µg/g) 793.40 1041.63 1439.67 2046.67 2223.67 921.20 161*** 
S (µg/g) 288.13 352.57 506.75 646.73 713.33 352.03 79*** 
Mn (µg/g) 240.00 247.00 246.77 250.20 241.93 243.70 5.6** 
Cu (µg/g) 18.42 22.48 29.74 46.81 49.13 19.27 7.2*** 
Zn (µg/g) 36.62 45.57 58.48 87.77 89.71 39.22 11*** 
Ni (µg/g) 35.68 36.86 34.85 38.21 36.62 36.48 1.01** 
Cl (µg/g) 50.03 53.99 48.20 45.33 45.96 45.80 6.4* 
Fe (%) 4.26 4.23 4.12 4.33 4.21 4.21 ns 
C (%) 2.10 2.37 2.62 2.75 2.85 2.21 0.31** 
Ca (%) 0.32 0.34 0.36 0.40 0.36 0.33 ns 
Mg (%) 0.32 0.32 0.32 0.34 0.33 0.31 ns 
K (%) 1.08 1.06 1.05 1.06 1.04 1.10 ns 
Al (%) 6.50 6.34 6.31 6.59 6.45 6.47 ns 
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Table C-6. X-ray fluorescence determined concentrations of total elements in composted biosolids amended soil oats plots in 2007 field 
experiment. 
                            Composted biosolids application rates (t/ha) Analytes 
0 10 30 50 70 Fertilized  LSD 0.05 
P (µg/g) 714.00 1456.33 2450.33 4431.67 5698.67 910.23 327*** 
S (µg/g) 393.90 345.37 430.00 649.00 790.03 309.53 43.84*** 
Mn (µg/g) 187.07 249.60 248.27 258.83 273.53 240.57 16.02*** 
Cu (µg/g) 15.22 21.33 29.49 42.02 50.58 17.81 2.03*** 
Zn (µg/g) 31.89 52.29 70.70 112.03 138.50 38.17 9.9*** 
Ni (µg/g) 25.05 35.58 34.40 35.14 36.13 33.09 2.03*** 
Cl (µg/g) 52.01 45.19 41.72 42.65 42.56 43.05 4.74** 
Fe (%) 3.09 4.12 4.02 4.21 4.44 4.03 0.23*** 
C (%) 5.53 2.30 2.69 2.83 3.16 2.28 0.26*** 
Ca (%) 0.32 0.48 0.55 0.73 0.86 0.43 0.14*** 
Mg (%) 0.30 0.32 0.33 0.38 0.40 0.29 0.02*** 
K (%) 0.92 1.06 1.05 1.06 1.06 1.04 0.036*** 
Na (%) 0.19 0.22 0.22 0.25 0.22 0.22 0.023** 
Al (%) 5.86 6.22 6.05 5.87 5.80 6.16 0.25* 
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Table C-7. X-ray fluorescence determined concentrations of total elements in dewatered biosolids amended soil in canola plots in 2007 field 
experiment.  
                     Dewatered biosolids application rates (t/ha)  Analytes 
0 5 25 45 65 Fertilized plot LSD 0.05 
P (µg/g) 803.70 972.73 1497.00 1930.00 2035.33 853.33 310*** 
S (µg/g) 248.03 316.17 484.97 584.90 727.65 279.13 51.85*** 
Mn (µg/g) 242.10 241.67 241.17 241.07 238.10 246.33 ns 
Cu (µg/g) 18.53 23.03 33.37 42.57 45.26 19.96 6.6*** 
Zn (µg/g) 40.08 45.40 63.27 73.85 81.46 40.72 11.5*** 
Ni (µg/g) 34.80 35.57 35.57 37.28 34.18 35.92 ns 
Cl (µg/g) 40.64 42.50 46.07 44.62 48.80 42.43 3.7** 
Fe (%) 4.13 4.18 4.15 4.19 4.16 4.28 ns 
C (%) 2.06 2.18 2.57 2.71 2.68 2.09 0.26** 
Ca (%) 0.35 0.34 0.39 0.40 0.34 0.39 ns 
Mg (%) 0.31 0.31 0.32 0.32 0.31 0.31 ns 
K (%) 1.07 1.06 1.05 1.04 1.02 1.08 ns 
Na (%) 0.22 0.22 0.22 0.21 0.21 0.22 ns 
Al (%) 6.38 6.34 6.37 6.37 6.22 6.43 ns 
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Table C-8. X-ray fluorescence determined concentrations of total heavy metals in composted biosolids amended soil in canola plots in 2007 
field experiment. 
Composted biosolids application rates (t/ha)  Analytes 
0 10 30 50 70 Fertilized plot LSD 0.05 
P (µg/g) 831.10 1338.00 2291.33 3527.33 4389.33 862.10 355.5*** 
S (µg/g) 258.43 384.70 567.70 790.90 926.90 321.30 105.5*** 
Mn (µg/g) 242.40 238.15 251.40 262.00 267.30 235.73 9.2*** 
Cu (µg/g) 18.46 21.84 29.51 40.24 47.86 19.07 5.8*** 
Zn (µg/g) 40.73 51.33 70.78 97.93 121.43 39.59 9.86*** 
Ni (µg/g) 33.97 34.01 33.33 37.12 35.49 33.51 ns 
Cl (µg/g) 40.88 39.19 42.34 47.21 45.27 38.53 ns 
Fe (%) 3.98 3.88 4.04 4.11 4.05 3.96 ns 
C (%) 1.99 2.39 2.79 3.21 3.66 1.92 0.23*** 
Ca (%) 0.41 0.41 0.64 0.68 1.01 0.45 0.22*** 
Mg (%) 0.30 0.31 0.34 0.38 0.39 0.29 0.026*** 
K (%) 1.03 1.05 1.05 1.08 1.05 1.03 ns 
Na (%) 0.217 0.215 0.219 0.226 0.233 0.220 0.005*** 
Al (%) 6.13 6.10 6.03 5.97 5.67 6.02 0.29* 
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Table C-9. Results of total elements for soil Standard Reference Materials Till1 and Till3 analysed using XRF and expressed as oxides (%) and 
(µg/g)  
Till1 Measured Certified Recovery% Till3 Measured Certified Recovery % 
Si O2 (%) 57.25 60.9 94 Si O2 (%) 66.57 69.1 96 
Al2O2 (%) 12.43 13.7 91 Al2O2 (%) 10.72 12.2 88 
Fe (%) 4.353 4.81 90.5 Fe (%) 2.572 2.78 93 
K2O (%) 1.936 2.22 87 K2O (%) 2.247 2.42 93 
Na2O 2.18 2.71 80 Na2O 2.292 2.64 87 
CaO (%) 2.334 2.72 86 CaO (%) 2.377 2.63 90 
MgO(%) 1.968 2.15 92 MgO(%) 1.815 1.71 106 
S (%) 0.0247 <0.05 <0.05 S (%) 132.1 < 0.05 < 0.05 
 P (µg/g) 1112 930 119.6 P (µg/g) 569.5 490 116 
Mn (µg/g) 1311 1420 92 Mn 451.3 520 87 
Zn (µg/g) 89.52 98 91.4 Zn (µg/g) 54.24 56 97 
Cu (µg/g) 43.72 47 93 Cu (µg/g) 20.43 22 93 
Pb (µg/g) 21.35 22 97.1 Pb (µg/g) 90 26 346 
Ni (µg/g) 20.14 24 84 Ni (µg/g) 39.25 39 101 
Mo (µg/g) 2.269 2 113.5 MO (µg/g) 1.258 2 63 
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APPENDIX D 
 
Concentrations of HNO3/H2O2 extractable and ICP-MS determined heavy metals in biosolids amended soils, 2006 
 
 
Table D-1. Levels of heavy metals extracted using   HNO3/H2O2 in composted biosolids amended soils from canola plots in 2006 field 
experiments, in µg/g 
Composted biosolids  application rates (t/ha)  
 
CRM031-040 Analytes 
0 10 30 50 70 Fertilized  LSD 0.05 Measured Certified Recovery  
Cu 10 11 13 15 17 2 1.52*** 713.9±25.2 805 89 
Zn  28 43 44.15 46 64 18 20.83* 947±16 1060 89 
Mn 121 128 128 133 133 122 ns 177±4 199 89 
Fe  17900 17625 23123 23210 23340 17163 2380*** 8925.5±99.7 9810 91 
Co  5.2 5.3 5.3 5.4 5.3 5 ns 2.9±0.00 2.96 98 
Ni  14.60 15 14.80 15 16 10 ns 17.8±1.3 19.60 91 
Pb  7.67 8 9.77 11 14 3.9 2.21** 101.5±0.6 119.00 85 
Cr  33.23 31 42.10 42 43 25 5.53** 35.7±0.7 37.20 96 
Cd  0.27 0.3 0.17 0.13 0.2 0.20 ns 5.2±0.1 5.74 91 
Na 88.6 124 88 81 85 149 ns 471±23 880 53 
K  1948 2129 1886 2035 2070 1474 ns 2099±160 2420 87 
Mg  471 506 464 550 532 666 ns 2317±21 4290 54 
Ca  1335 2427 2012 2555 2508 1436 ns 39350±679 45900 86 
Al  34107 34780 32780 33267 32590 34868.30 ns 31845±672 21700 147 
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Table D-2 Levels of heavy metals extracted using  HNO3/H2O2 in dewatered biosolids amended soils from canola plots in 2006 field experiments, 
in µg/g 
Dewatered biosolids  application rates (t/ha)  CRM031-040 Analytes 
0 5 25 45 65 Fertilized  LSD 0.05 Measured Certified Recovery  
Cu 1.8 1.4 6 17 16 2.8 2.82*** 727±234 805 90 
Zn  10 9 21 27 22 13 10.71* 1258±102 1060 118.7 
Mn 121 118 132 154 137 117 19* 190±60 199 96 
Fe 20955 17009 23595 28059 26150 17757 2784*** 9250.5±99.7 9810 94 
Co  3.4 3 4 5.25 4.7 5 0.47*** 2.7±1.3 2.96 92 
Ni  17 20 23 46 43 11 2.5*** 17.2±0.1 19.6 88.5 
Pb  7 6 7.4 8.8 8.3 4 0.48*** 124.6±10.1 119 105 
Cr  42 43 56 99.86 93 27 8.24*** 39.9±0.2 37.20 107 
Cd 0 0.10 0.03 0.03 0.03 0.1 ns 5.05±0.07 5.74 88 
Na 94 107 134 258 198 96 ns 928±123 880 105 
K 2495 2665 2866 3775 3401 1694 404.6*** 2278±39 2420 94 
Mg 792 776 884 1004 888 710 130.8* 3946±180 4290 92 
Ca 1027 1088 1048 1872 1375 926 189*** 53818±3399 45900 117 
Al 29748 29287 31398 34933 31522 36025 ns 28300±502 21700 130 
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Table D-3. Levels of heavy metals extracted using  HNO3/H2O2 in dewatered biosolids amended soils from oats plots in 2006 field experiments, 
in µg/g 
Dewatered biosolids  application rates (t/ha)  CRM031-040 Analytes 
0 5 25 45 65 Fertilized  LSD 0.05 Measured Certified Recovery  
Cu 10 11 14 19 18 3 2.16*** 718.9±18.2 805 89 
Zn  13 14 21 27 27 16 4.95*** 935±14 1060 88 
Mn 125 123 131 134 131 121 7.10* 184.8±2.5 199 93 
Fe 17900 17125 22937 23737 23033 17150 1257.4*** 9250.5±99.7 9810 94 
Co  3 3 4 4 3 5 ns 1.9±0.6 2.96 64 
Ni  16 16 17 18 16 11 ns 17.4±0.1 19.60 89 
Pb  7 7 9 9 9 4 0.55*** 105.9±0.5 119 89 
Cr  35 32 44 45 44 24 2.79*** 40±0.2 37.20 107 
Cd nd nd nd nd nd nd - 5.1±0.1 5.74 88 
Na 69 97 225 145 124 386 ns 664±171 880 75 
K 2495 2471 2520 2558 2227 1577 216.8* 2278±39 2420 94 
Mg 896 858 882 902 793 690 ns 3020±45 4290 70 
Ca 1617 1429 1609 1822 1367 1171 ns 40877±955 45900 89 
Al 30590 31055 30947 31990 29857 36425 ns 28655±502 21700 132 
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Table D- 4. Levels of heavy metals extracted using  HNO3/H2O2 in composted biosolids amended soils from oats plots in 2006 field 
experiments, in µg/g 
Composted biosolids  application rates (t/ha)  CRM031-040 Analytes 
0 10 30 50 70 Fertilized LSD 
.05 Measured Certified Recovery  
Cu 2.3 4.5 8.1 12.4 19.6 2.4 3.72*** 705±31 805 88 
Zn  15.7 30.4 45.5 44.0 62.5 10.8 20** 928±25 1060 88 
Mn 119.7 116.9 126.9 124.0 132.0 116.4 ns 178.5±9.3 199 90 
Fe 16457 17045 22157 22990 22475 17007 714*** 8635±74 9810 88 
Co  5.0 5.0 5.1 5.4 5.4 6.6 ns 2.9±0.2 2.96 100 
Ni  9.2 10 11 12 12.5 10.0 1.45** 12.8±0.4 19.60 65 
Pb  4.7 5.9 7.1 8.0 11.0 4.6 2.25** 98±5.80 119 82 
Cr  22.6 22.7 33.3 35 35.0 24.4 1.44*** 29.6±1.5 37 80 
Cd 0.1 0.0 0.0 0.0 0.0 0.1 ns 4.9±0.2 5.74 84 
Na 198.7 80.8 151.9 151.7 55.1 128.3 ns 571±154 880 65 
K 1326 1477 1614 1822 1880 1396 158*** 1598±16 2420 66 
Mg 2880 2987 2910 2643 4964 1663 ns 40654±2312 45900 89 
Ca 619 677 745 844 984 645 89*** 3254±1062 4290 76 
Al 33730 35180 35383 36033 34625 34772 ns 33640±1032 21700 155 
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Table D-5 Results of HNO3/H2O2 extractable heavy metals in CRM031-040 (Sewage 
sludge standard reference material) analysed using ICP-MS in 2006 experiment (µg/g). 
Recoveries of CRM31-040  before analysis of dewatered biosolids amended soil samples 
taken from canola plots, µg/g 
Elements Measured Certified Recovery (%)  
Cu 727 ± 23 805 ± 91.1 90 
Zn  1300 ± 100 1060 ± 88.6 119 
Mn 190 ± 60 199 ± 24.6 96 
Fe 9300 ± 100 9810 ± 824 94 
Ni  17.4 ± 0.1 19.60 ± 3.34 89 
Pb  125 ± 10 119 ± 17.77 105 
Recoveries of CRM31-040  before analysis of dewatered biosolids amended soil samples 
taken from oats plots, µg/g 
Cu 720 ± 20 805 ± 91.1 89 
Zn 930 ± 10 1060 ± 88.6 88 
Mn 185 ± 3 199 ± 24.6 93 
Fe 9300 ± 100 9810 ± 824 94 
Ni 17.4 ± 0.1 19.60 ± 3.34 89 
Pb 106 ± 1 119 ± 17.77 90 
Recoveries of CRM31-040  before analysis of composted biosolids amended soil samples 
taken from canola plots, µg/g 
Cu 720 ± 30 805 ± 91.1 89 
Zn 950 ± 20 1060 ± 88.6 89 
Mn 177 ± 4 199 ± 24.6 89 
Fe 8900 ± 100 9810 ± 824 91 
Ni 18 ± 1 19.60 ± 3.34 91 
Pb 102.0 ± 0.6 119 ± 17.77 85 
Recoveries of CRM31-040  before analysis of  composted biosolids amended soil 
samples taken from oats plots, µg/g 
Cu 710 ±30 805 ± 91.1 88 
Zn 930 ± 25 1060 ± 88.6 88 
Mn 179 ± 9 199 ± 24.6 90 
Fe 8640 ± 74 9810 ± 824 88 
Ni 12.8 ± 0.4 19.60 ± 3.34 65 
Pb 98 ± 6 119 ± 17.77 82 
The CRM031-040 (Sewage sludge standard reference material) was analysed using ICP-MS in duplicates 
and values indicate mean ± sd for each of the elements. 
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Appendix E 
 
Effect of biosolids applications on soil temperature and seed germination 
 
 
Table E-1. Effect of dewatered biosolids and composted biosolids applications on canola seed germination 
percentage  
Dewatered 
biosolids 
rates (t/ha) 
canola 
seedlings/m2 
canola 
seedlings/m2 
germinated 
(%) 
Average 
soil 
temperature 
( 0C )  
canola plots 
 
Composted 
biosolids 
rates(t/ha) 
canola 
seedlings/m2 
Canola 
seedlings/m2 
germinated 
(%) 
Average 
soil 
temperature 
( 0C ) 
canola plots 
 
0 53 42  (17) 6.16 (0.89) 0 38 30.7 (14.7) 5.60   (0.85) 
5 68 54.5  (23.8) 5.99 (1.31) 10 75 60   (18) 7.03   (0.18) 
25 90 71.4  (10.4) 7.55 (0.11) 30 96 76.7  (0.92) 6.53   (0.94) 
45 109 86.8  (20.1) 8.15 (0.12) 50 110 87.3  (7.94) 8.22   (0.04) 
65 115 91.5  (10.5) 6.47 (0.62) 70 104 82.5 (24.8) 8.11   (0.08) 
Fertilized  58 46     (11.4) 7.17 (0.20) Fertilized  56 45     (23.24) 6.25   (1.11) 
F-test 0.014 P< 0.014 0.009 F-test 0.004 P<0.004 P<0.001 
LSD 0.05 37.1 29.46* 1.11** LSD 0.05 33.2 26.41** 1.03*** 
R2 0.99 0.99 - R2 0.95 0.95 68.2 
CV (%) 32.1 36.8 12.3 CV (%) 35.8 40.2 15.01 
The superscripts *, **, and ***refers to significant treatment effects in ANOVA at p < 0.05 p < 0.01 and p< 0.001 
respectively. Figures in parenthesis show standard deviations of triplicate measurements 
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APPENDEX F 
  Pearson correlation coefficient matrixes between ICP-MS and XRF spectrometry determined heavy metals in dewatered and composted 
biosolids amended soil samples taken from canola plots, 2006. 
 
Table F-1 Pearson correlation coefficient matrixes between ICP-MS ( HNO3/H2O2 extractable) and XRF spectrometry determined heavy 
metals in dewatered and composted biosolids amended soil from canola plots, 2006 
Dewatered biosolids amended soil samples taken from canola plots, 2006 Analyt
e CuI CuX ZnI ZnX MnI MnX FeI FeX NiI NiX PbI PbX 
CuI 1 
           
CuX 0.90** 1 
          
ZnI 0.69** 0.60* 1 
         
ZnX 0.94** 0.96** 0.63* 1 
        
MnI 0.72** 0.69** 0.71** 0.70** 1 
       
MnX 0.68** 0.82** 0.45ns 0.80** 0.64** 1 
      
FeI 0.85** 0.76** 0.74** 0.77** 0.77** 0.51* 1 
     
FeX 0.58* 0.61* 0.60* 0.50ns 0.58* 0.43ns 0.65** 1 
    
NiI 0.97** 0.91** 0.70** 0.95** 0.76** 0.76** 0.79** 0.54* 1 
   
NiX 0.47ns 0.59* 0.10ns 0.55* 0.45ns 0.75** 0.34ns 0.25ns 0.52* 1 
  
PbI 0.91** 0.85** 0.67** 0.84** 0.80** 0.60* 0.94** 0.72** 0.86** 0.40ns 1 
 
PbX 0.17ns 0.26ns 0.28ns 0.15ns 0.15ns 0.10ns 0.33ns 0.25ns 0.13ns 0.20ns 0.24ns 1 
Composted biosolids amended soil samples taken from canola plots, 2006 
CuI 1            
CuX 0.87** 1           
ZnI 0.65** 0.44ns 1          
ZnX 0.90** 0.95** 0.44ns 1         
MnI 0.71** 0.54* 0.24ns 0.67** 1        
MnX 0.66** 0.80** 0.43ns 0.72** 0.19ns 1       
FeI 0.81** 0.78** 0.36ns 0.83** 0.67** 0.61* 1      
FeX 0.79** 0.85** 0.37ns 0.86** 0.45ns 0.73** 0.83** 1     
NiI 0.38ns 0.13ns 0.65** 0.24ns 0.41ns 0.05ns 0.21ns 0.06ns 1    
NiX 
-0.3ns -0.2ns 0.04ns -0.2ns -0.2ns -0.06 -0.57* -0.4ns 0.04ns 1   
PbI 0.70** 0.70** 0.42ns 0.64** 0.39ns 0.67** 0.54* 0.66** 0.05ns 0.09ns 1  
PbX 0.55* 0.59* 0.03ns 0.69** 0.61* 0.32ns 0.55* 0.48ns 0.22ns -0.4ns 0.29ns 1 
The subscripts I and x denotes ICP-MS and XRF determined heavy metals respectively, whereas, *, ** and ns refers to significance for Pearson correlation 
coefficients at p < 0.05, p < 0.01 levels and not significant respectively. 
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Table F-2 Pearson correlation coefficient matrixes between ICP-MS ( HNO3/H2O2 extractable) and XRF spectrometry determined heavy 
metals in dewatered and composted biosolids amended soil from oats plots, 2006  
Dewatered biosolids amended soil samples taken from oats plots, 2006 Analyte 
CuI CuX ZnI ZnX MnI MnX FeI FeX NiI NiX PbI PbX 
CuI 1            
CuX 0.85** 1           
ZnI 0.96** 0.85** 1 
         
ZnX 0.82** 0.95** 0.83** 1 
        
MnI 0.83**   0.60* 0.84** 0.60* 1 
       
MnX 0.65** 0.84** 0.64** 0.81** 0.41ns 1 
      
FeI 0.89** 0.84** 0.84** 0.80** 0.80** 0.72** 1 
     
FeX 0.77** 0.89** 0.76** 0.83** 0.66** 0.87** 0.89** 1 
    
NiI 0.46ns 0.19ns 0.39ns 0.15ns 0.76** 0.13ns 0.49ns 0.36ns 1 
   
NiX 0.23ns 0.49ns 0.11ns 0.41ns 0.02ns 0.59* 0.28ns 0.53* 0.08ns 1 
  
PbI 0.90** 0.80** 0.83** 0.74** 0.84** 0.66** 0.98** 0.87** 0.58* 0.31ns 1 
 
PbX 0.62* 0.81** 0.67** 0.82** 0.50ns 0.77** 0.65** 0.81** 0.19ns 0.42ns 0.59* 1 
Composted biosolids amended soil samples taken from oats plots, 2006 
CuI 1 
           
CuX 0.92** 1 
          
ZnI 0.82** 0.71** 1 
         
ZnX 0.91** 0.99** 0.70** 1 
        
MnI 0.57* 0.46ns 0.73** 0.50ns 1 
       
MnX 0.13ns 0.09ns -0.04 0.05ns -0.20ns 1 
      
FeI 0.76** 0.69** 0.72** 0.69** 0.51* 0.01ns 1 
     
FeX 0.54* 0.45ns 0.40ns 0.42ns 0.22ns 0.75** 0.62* 1 
    
NiI 0.78** 0.77** 0.60* 0.80** 0.50ns 0.01ns 0.79* 0.49ns 1 
   
NiX 0.16ns 0.06ns 0.01ns 0.04ns -0.12ns 0.89** 0.11 0.80** 0.16ns 1 
  
PbI 0.94** 0.85** 0.90** 0.84** 0.71** 0.08ns 0.71 0.49ns 0.75** 0.08ns 1 
 
The subscripts I and x denotes ICP-MS and XRF determined heavy metals respectively, whereas, *, ** and ns refers to significance for Pearson correlation 
coefficients at p < 0.05, p < 0.01 levels and not significant respectively. 
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APPENDIX G 
 
Concentrations of metals in canola and oats leaves extracted using HNO3/H2O2 analysed by ICP-MS 
 
 
Table G-1.  Effect of various dewatered biosolids application rates on concentrations of metals in canola and oats leaves in 2006 field 
experiment (in µg/g) 
Metals in canola leaves 
Analytes Dewatered biosolids application rates (t/ha)  SRM 1573a 
 0 5 25 45 65 LSD 0.05 Measured Certified Recovery 
Cu 10.27 10.30 10.40 10.67 15.8 8.25* 3.4±1.6 4.7 72 
Zn  63.57 60.97 77.90 81.63 115.4 16.36* 23.5±0.4 30.9 76 
Mn 34.60 48.05 52.43 45.03 54.07 12.4* 197±7 246 80 
Co 0.27 0.20 0.13 0.13 0.60 ns 0.4±0.0 0.57 70 
Cd 0.57 0.15 0.50 0.23 0.63 ns 1.2±0.1 1.52 76 
K 37550 40700 39637 43273 41493 ns 21560±848 27000 80 
Mg 3875 3603 3538 3865 3710 ns 8507±281 12000 71 
Ca 16613 14990 16013 17043 17403 ns 40145±1407 50500 80 
Metals in oats leaves 
Cu 3.55 4.43 5.53 6.93 7.02 0.77*** 5.7±0.9 4.7 121 
Zn  16.13 37.10 47.55 56.62 61.37 8.95*** 21.5±0.9 30.9 70 
Mn 74.92 97.2 67.05 56.13 77.25 12** 181.7±0.6 246 74 
Fe 88.58 104.85 80.65 83.90 107.45 ns 323±11 368 88 
Co 0.17 0.10 0.22 0.07 0.07 ns 0.45±0.0 0.57 79 
Cd 0.15 0.18 0.10 0.08 0.10 ns 0.98±0.04 1.52 64 
Ni 0.75 1.10 1.78 1.70 1.68 0.44** 1.18±0.11 1.59 74 
Mo 2.03 1.08 1.35 1.33 0.78 0.72* 0.35±0.00 0.46 76 
K 29297 39865 41297 44288 52238 7255*** 20075±177 27000 74 
Ca 2269 2791 2757 2939 3550 650* 37863±272 50500 75 
Al 16.75 21.52 31.87 17.85 47.55 19.6* 438±399 598 73 
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Table G-2.  Effect of various composted biosolids application rates on concentrations of metals in canola and oats leaves in 2006 field 
experiment , (in µg/g) 
Metals in canola leaves  
Analytes Composted biosolids application rates (t/ha)  SRM 1573a 
 0 10 30 50 70 LSD 0.05 Measured Certified Recovery 
Cu 8.20 10.50 10.23 9.05 11.95 1.51** 3.05±0.21 4.7 65 
Zn  46.4 34.20 51.25 83.37 53.03 26.19* 25±7.5 30.9 81 
Mn 39.53 45.80 38.80 36.07 39.30 ns 197±21 246 80 
Fe  124 128 138 75.4 135 ns 174±39 368 47 
Co  0.17 0.15 0.13 0.30 0.13 ns 0.4±0.0 0.57 70 
Cd 0.47 0.45 0.37 0.40 0.23 ns 1.2±0.2 1.52 76 
K 44080 45705 45173 47150 45837 ns 21600±2390 27000 80 
Mg 4538 3646 4171 4552 3964 ns 8508±1139 12000 71 
Ca 22697 22420 21663 21400 20167 ns 40415±4391 50500 80 
Metals in oats leaves 
Cu 3.83 4.28 4.65 5.08 5.53 1.04* 3.18±0.74 4.70 68 
Zn  18.28 22.33 40.47 42.38 46.28 14.46** 19±6 30.90 62 
Mn 57.00 41.03 42.45 31.38 27.53 11.64*** 180±0.5 246.00 73 
Fe  74.27 74.40 65.50 72.95 70.77 ns 324±1 368.00 88 
Co  0.07 0.13 0.05 0.05 0.05 ns 0.45±0.00 0.57 79 
Cd 0.05 0.03 0.23 0.20 0.13 0.13* 1.05±0.00 1.52 69 
Ni 1.17 1.28 1.57 1.80 1.20 ns 0.9±0.00 1.59 57 
Mo 1.20 1.00 0.93 2.48 1.20 ns 0.4±0.00 0.46 87 
Pb 0.08 0.02 0.10 0.17 0.23 0.11* 0.25±0.04 nc nc 
K 32787 34980 36835 40230 38010 ns 20425±42 27000 76 
Mg 832 763 964 1069 696 ns 8118±88 12000 68 
Ca 3213 2710 2875 2357 2526 ns 38602±88 50500 76 
Al 23.27 23.70 37.72 56.43 35.30 20.64* 561±205 598 94 
 
Values indicate means of triplicate measurements, whereas, the superscripts *, **, *** and ns refers to significant treatment effect in ANOVA (F-test) at p < 0.05, p 
< 0.01, p < 0.001 and not significant respectively. The nc refers to concentrations not certified. 
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Table G-3.  Effect of various dewatered biosolids application rates on concentrations of metals in canola and oats leaves in 2007 field 
experiment, (in µg/g) 
Metals in canola leaves 
Analytes Dewatered biosolids application rates (t/ha)  SRM 1573a 
 0 5 25 45 65 LSD 0.05 Measured Certified Recovery 
Cu 7.78 6.88 6.47 6.67 7.13 ns 3.33±0.04 4.7 69 
Zn  102.58 95.30 177.05 69.53 166.57 ns 26±0.00 30.9 84 
Mn 31 32 37 60 118 28.9* 197±1 246 80 
Fe 338 313 283 287 284 ns 356±1 368 97 
Co 0.25 0.38 0.17 0.15 0.23 ns 0.5±0.00 0.57 88 
Ni 1.30 1.40 1.45 1.27 1.90 ns 0.95±0.00 1.59 60 
Mo 2.30 1.38 0.97 0.60 0.53 0.45*** 0.25±0.00 0.46 54 
Na 2133 2114 3137 3186 3214 779* 87±6.4 136 64 
K 29978 36733 33623 37503 40393 ns 20753±11 27000 77 
Mg 5240 4762 5422 5427 4850 ns 8862±11 12000 74 
Ca 20697 21002 19940 19010 21130 ns 40017±290 50500 79 
Metals in oats leaves 
Cu 5.15 4.88 4.87 5.70 6.88 0.66** 3.1±0.2 4.7 65 
Zn  51.1 22.73 45.60 37.03 47.63 ns 36.85±0.0 30.9 119 
Mn 32.20 31.88 34.00 39.11 55.09 6.8*** 177±1 246 72 
Fe 69.50 67.00 65.25 58.58 59.58 ns 214±4 368 58 
Cd 0.30 0.08 0.20 0.13 0.28 ns 1.1±0.1 1.52 72 
Pb 0.98 1.05 0.60 0.75 0.60 ns 0.27±0.04 0.46 59 
K 38803 39327 43977 46212 44439 5510* 19189±184 27000 71 
Mg 1517 1450 1636 1649 1697 171* 7832±25 12000 65 
Ca 2738 2779 3296 3551 3929 838* 35899±286 50500 71 
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Table G-4.  Effect of various composted biosolids application rates on concentrations of metals in canola and oats tissue in 2007 field 
experiment (in µg/g) 
Metals in canola leaves 
Analytes Composted biosolids application rates (t/ha)  SRM 1573a 
 0 10 30 50 70 LSD 0.05 Measured Certified Recovery 
Cu 6.35 7.38 6.60 5.77 5.63 0.70** 4.08±0.11 4.70 87 
Zn 63.42 97.50 61.20 59.63 103.4 27.3* 45±6 30.90 120 
Mn  32.77 33.03 42.82 43.88 33.22 ns 201±0.8 246.00 82 
Fe 374 253 288 252 287 43** 372±6 368.00 101 
Ni 1.97 0.83 0.77 0.70 0.62 0.34*** 1.35±0.07 1.59 85 
Mo 0.97 0.48 0.75 0.67 1.07 ns 0.275±0.04 0.46 59 
Na 1487 2769 3516 5284 5710 767*** 99±23 136 84 
K 35613 33914 35431 39131 36511 ns 22206±184 27000 82 
Mg 4057 5415 4637 6470 4671 1231* 9163±7 12000 76 
Ca 23826 18767 22481 18102 23089 4074* 41280±265 50500 82 
Metals in oats leaves 
Cu 6.42 5.63 5.17 7.50 5.63 ns 4.1±0.9 4.7 86 
Mn 31.23 30.07 23.47 24.00 22.63 5.34* 168±8 246 68 
Fe  81.33 62.50 46.67 67.50 54.00 ns 195±18 368 53 
Cd 0.88 0.00 0.82 0.07 0.03 ns 1.1±0.1 1.52 72 
Ni 1.40 1.80 0.93 0.88 1.02 ns 0.9±0.5 1.59 53 
Mo 1.18 0.85 0.75 1.05 0.87 ns 0.25±0.07 0.46 54 
K 35776 37244 37123 35214 39889 ns 18296±955 27000 68 
Mg 811 1453 1441 1450 1747 171*** 7474±308 12000 62 
Ca 2479 2762 3522 3075 3236 432** 34336±1439 50500 68 
Al 646 776 402 501 432 ns 445±135 598 74 
Values indicate means of triplicate measurements, whereas, *, **, *** and ns refers to significant treatment effect in ANOVA (F-test) at p < 0.05,p < 
0.01,p < 0.001 and not significant respectively. 
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Table G-5 The maximum mass of biosolids that can be applied to a representative site low to 
high risk soils of the NBRP, based on the total soil metals limits 
Risk Representative 
site 
Metal Total soil 
Limits 
(µg/g) 
Conc. of metals in 
biosolids applied at each 
site (µg/g) 
Mass of 
biosolids 
that can be 
applied (t/ha)  
Low Cecil Plains Cd 
Cu 
Zn 
2.3 
258 
370 
1.9 - 3.5 
355 - 830 
495 - 1700 
280 – 970 (Zn) 
Moderate Spalding Cd 
Cu 
Zn 
1.4 
176 
290 
1.8 - 2.2 
315 - 340 
435 - 500 
675 – 730 (Cu) 
High Flat Paddock Cd 
Cu 
Zn 
0.9 
30 
71 
4.6 - 5.4 
420 - 880 
650 - 870 
40 – 90 (Cu) 
The soil properties (pH, organic matter, cation exchange capacity and soil texture) for each of the 
selected sites for NBRP were used to determine the total soil limits for Cd, Cu and Zn. The ambient 
background concentration was added to the limits obtained for Cu and Zn from their experimental 
data.  
Heavy metals in parenthesis indicate the metals that restrict the amount of biosolids that can be 
applied  
Adapted from the NBRP, draft position paper, 2007 
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APPENDIX H 
 
 
Levels of nitrate-N and sulfur in dewatered biosolids and composted biosolids amended soil 
in the 2006-2007 field experiments, (µg/g) 
 
 
Table H-1. The impact of dewatered and composted biosolids applications on the levels of NO3-
N leached at various soil depths biosolids amended soils from canola and oats plots, (in µg/g). 
Levels of nitrate-N leached at various soil depths in the highest dewatered biosolids (65t/ha) amended 
soils from canola and oats plots. 
2006 2007 Soil 
depth 
( cm) 
Control plot Canola plot Oats plot Control plot Canola plot Oats plot 
20 4.61 (0.42) 44.58 (0.51) 49.65 (2.03) 9.7 (0.1) 63.62 (0.72) 135.55 (0.1) 
40 7.4 (0) 32.25 (0.23) 33.41 (0.79) 10.01 (0.21) 45.58 (2.63) 92.33 (0.39) 
60 8.57 (0.13) 23.16 (0.23) 17.62 (0.15) 1.33 (0) 17.77 (0.1) 60.1 (0.27) 
80 5.82 (0.06) 23.49 (0.34) 14.62 (0.45) 1.66 (0.06) 10.73 (0.1) 47.37 (0.21) 
100 6.3 (0.19) 18.65 (0.06) 10.21 (0.06) 1.59 (0.06) 2.83 (0.16) 45.85 (0.22) 
Levels of  NO3-N leached at various soil depths in the highest composted biosolids (70t/ha) amended 
soils from canola and oats plots. 
20 4.61 (0.42) 31.51 (0.35) 84.08 (0.39) 9.7 (0.1) 18.5 (0.27) 0.8 (0.1) 
40 7.4 (0) 34.56 (0.12) 58.62 (0.45) 10.01 (0.21) 15.94 (0.22) 0 (0) 
60 8.57 (0.13) 20.9 (0.07) 35.8 (0.66) 1.33 (0) 6.09 (0) 0 (0) 
80 5.82 (0.06) 5.73 (0.12) 12.14 (0.42) 1.66 (0.06) 3.52 (0.06) 9.09 (0.11) 
100 6.3 (0.19) 6.81 (0.12) 13.86 (0.18) 1.59 (0.06) 4.11 (0) 5.97 (0) 
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Table H-2. Changes in the average concentrations of soil total sulphur concentrations due to 
dewatered and composted biosolids application rates in 2006 and 2007 field experiment 
Total sulphur  in dewatered biosolids treated plots in 2006-2007 field experiments 
Amended soil samples from canola plots Amended soil samples from oats plots Composted 
biosolids 
rates(t/ha) 
Total S (µg/g) 2006  Total S(µg/g) 2007  Total S (µg/g)) 
2006 
Total S (µg/g) 
2007  
0 533 248 532 288 
5 573 316 507 353 
25 606 485 580 507 
45 769 585 754 647 
65 836 727 673 713 
Fertilized  633 279 551 352 
LSD 0.05 118*** 51.85*** 136.4** 79*** 
Total sulfur  in composted biosolids treated plots in 2006-2007 field experiments 
0 576 258 665 394 
10 564 385 685 345 
30 614.3 568 557 430 
50 738 791 846 649 
70 754 927 999 790 
Fertilized  598 321 592 309 
LSD 0.05 74.8*** 105.5*** 254* 43.84*** 
Values indicate means of triplicate measurements, whereas, ***, ** and * refers to significant 
treatment effect in ANOVA (F-test) at p < 0.05, p < 0.01 and p < 0.001 level respectively. 
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APPENDIX I 
Plant nutrient concentration ranges at different growth stages and plant parts of canola and oats 
 
Table I-1 Concentrations of various  nutrients in different plant parts  at different  phonological growth stages of canola crop 
Nutrient  Growth stage Plant part How 
established 
Deficient Marginal Critical 
deficiency 
Adequate High Critical 
toxic 
Country Reference 
no. 
N% 4-5 leaf stage a WS Field na na 6.3 na na na Australia 399 
 5-6 leaf stage a WS Field na na 5.8-6.00 na na na Australia 399 
 Buds visible a WS Field na na 3.8-4.9 na na na Australia 399 
 4-5 leaf stage b PYML Field na na 4.5 na na na Australia 399 
 5-6 leaf stage b PYML Field na na 4.2-4.5 na na na Australia 399 
 Buds visible b PYML Field na na 2.0-2.9 na na na Australia 399 
 4-5 leaf stage a PYML Field na na 4.6 na na na Australia 399 
 5-6 leaf stage a PYML Field na na 4.2 na na na Australia 399 
 Buds visible a PYML Field na na 1.9-2.9 na na na Australia 399 
NO3 (mg/kg) 4-5 leaf stage b PYML Field na na 1620 na na na Australia 399 
 5-6 leaf stage b PYML Field na na 1550-1620 na na na Australia 399 
 Buds visible b PYML Field na na 530-480 na na na Australia 399 
 4-5 leaf stage b PYML Field na na 16,500 na na na Australia 399 
 5-6 leaf stage b PYML Field na na 16000-15,500 na na na Australia 399 
 Buds visible b PYML Field na na 4600-4700 na na na Australia 399 
 4-5 leaf stage b PYML Field na na 17,300 na na na Australia 399 
 5-6 leaf stage b PYML Field na na 14,400-15,400 na na na Australia 399 
 Buds visible b PYML Field na na 3600-4700 na na na Australia 399 
P% 120DAS c YMB L4-L5 Field 0.17-0.27 na 0.28-0.32 0.3-0.48 na na Australia 743 
K% Pre FI a YML Lit. <1.6 1.8-1.9 na 2.8-5.5 6.5-8.0 na Australia 1053 
Ca% Pre FI a YML Lit. na 0.8-1.2 na 1.4-3.0 na na Australia 1053 
Mg% Pre FI a YML Lit. 0.14 0.16-0.19 na 0.21-0.65 na na Australia 1053 
Na% Pre FI YML Lit. na na na 0.02-0.5 0.7-1.1 na Australia 1053 
Cu (mg/kg) Pre FI YML Lit. na 2-3 na 4-25  na Australia 1053 
Zn (mg/kg) Pre FI YML Lit. <12 12-17 na 21-55  na Australia 1053 
Mn (mg/kg) Pre FI YML Lit. na na na 30-250 300-400 530-
3650 
Australia 1053 
Note: a- stands for predictive for 90% maximum seed yield; b-diagnostic for 90% maximum shoot dry weight; c- for maximum vegetative and oil yield 
Ws- whole shoot: PYML- petioles of young matured leaf; YMB- young matured blade; YML- young matured leaf; Pre FI- pre flowering stage; Mid-late till- mid to late tillering stage; Lit- 
literature and na- data not available. Extracted from Plant Analysis: An Interpretation manual, edited by D.J. Reuter, D.J. and  Robinson, J.B., 1997 
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Table I-2 Concentrations of various  nutrients in different plant parts  at different  phonological growth stages of oats crop 
Nutrient  Growth stage Plant 
part 
How 
established 
Deficient Marginal Critical 
deficiency 
Adequate High Critical 
toxic 
Toxic Country Reference 
no. 
N% Mid-late till YMB Field < 3.4 3.4 na 3.5-5.4 5.5-6.5 na > 6.5 Australia 1053 
P% Mid-late till YMB Field 0.24 0.24-0.29 na 0.3-0.5 0.6-0.7 na > 0.7 Australia 1053 
K% Mid-late till YMB Field < 1.5 1.5-2.5 na 2.4-4.0 4.1-5.5 na > 6.0 Australia 1053 
Ca% Mid-late till YMB Field na < 0.18 na 0.21-0.4 0.6-0.7 na na Australia 1053 
Mg% Mid-late till YMB Field < 0.11 0.11-0.12 na 0.13-0.3 na na na Australia 1053 
Na% Mid-late till YMB Field na na na < 0.5 0.6-0.7 na > 0.8 Australia 1053 
Cu (mg/kg) Mid-late till YMB Field na 2.4 na 5-50 na na na Australia 1053 
Zn(mg/kg) Mid-late till YMB Field < 14 14 na 15-70 na na na Australia 1053 
Mn Mid-late till YMB Field < 12 12-24 na 25-300 400-600 na na Australia 1053 
Note: YMB: young matured blade, Mid-late till: mid to late tillering stage, Na: data not available 
Extracted from Plant Analysis: An Interpretation manual, edited by D.J. Reuter, D.J. and  Robinson, J.B., 1997 
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APPENDIX J 
 
Concentrations of DTPA extractable and ICP-MS determined metals in dewatered biosolids and composted biosolids amended soil 
 
Table J-1 DTPA extractable concentrations of heavy metals in dewatered biosolids amended soils from canola  plots in 2006 and 2007 experiments ( 
expressed in mg/kg ) 
Dewatered biosolids treated canola plots, 2006 
Dewatered biosolids (t/ha) Cu Zn Mn Fe Co Ni Pb 
0 1.2 ± 0.1 3.5 ± 1.5 23 ± 2 66 ± 13 0.4 ± 0.1 1.4 ± 0.1 0.77 ± 0.04 
5 1.50 ± 0.04 2.7 ± 0.5 25 ± 3 59 ± 2 0.5 ± 0.1 1.35 ± 0.02 0.79 ± 0.02 
25 2.3 ± 0.2 5.3 ± 1.2 23.0 ± 0.2 99 ± 22 0.4 ±0.01 1.5 ± 0.1 0.97 ± 0.12 
45 3.5 ± 0.3 10 ± 1 32±1 89 ± 12 0.6 ± 0.01 1.6 ± 0.1 0.93 ± 0.11 
65 4.5 ± 0.2 9.5 ± 0.6 32 ± 3 103 ± 8 0.8 ± 0.1 1.63 ± 0.02 1.05 ± 0.04 
Fertilized 1.3 ± 0.2 2.4 ± 1.0 26 ± 3 81 ± 35 0.5 ± 0.1 1.4 ± 0.1 0.84 ± 0.12 
LSD 0.05 0.4*** 1.96*** 3.7*** 19.8** 0.14** 0.14** 0.13** 
Dewatered  biosolids treated canola plots, 2007 
Dewatered biosolids (t/ha) Cu Zn Mn Fe Co Ni Pb 
0 1.80 ± 0.02 1.1 ± 0.1 16 ± 1 46±14 0.24±0.01 1.02±0.04 0.09±0.05 
5 1.9 ± 0.2 2.4±0.5 16 ± 1 61±22 0.29±0.05 1±0.1 0.5±0.3 
25 4.5±0.8 7.6±1.4 22 ± 1 69±2 0.37±0.01 1.3±0.1 0.6±0.4 
45 6.4±0.6 11.0±1.0 25.5±0.4 91±10 0.49±0.04 1.5±0.1 1.4±0.8 
65 8.11±0.01 13.9±2.4 27.6±2.7 133±8 0.54±0.06 1.5±0.1 0.6±0.2 
Fertilized 1.4±0.2 1.2±0.3 22.5±5.0 43±6 0.5±0.2 1.1±0.1 0.4±0.2 
LSD 0.05 0.79*** 2.85*** 2.48*** 23.8*** 0.08*** 0.19*** 0.80* 
The superscripts *, **, ***, and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.05, p < 0.01 p ≤ 0.001 and not significant, 
respectively. Values indicate means ± sd of triplicate measurements 
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Table J-2 DTPA extractable levels of heavy metals in dewatered  biosolids amended soils from oats plots in 2006 and 2007 experiments  (mg/kg) 
Dewatered biosolids treated oats plots, 2006 
Dewatered biosolids Cu Zn Mn Fe Co Ni Pb 
0 1.4 ± 0.2 1.5 ±0.1 28 ± 2 67 ± 11 0.5 ± 0.1 1.2 ± 0.1 0.7±0.1 
5 1.6 ±0 .1 2.3 ±0.5 23 ± 1 69 ± 20 0.5 ± 0.1 1.3 ± 0.1 1.0±0.2 
25 2.7 ± 0.4 5.3 ±2.0 27.5± 3.2 71 ± 5 0.5 ± 0.1 1.3 ± 0.1 0.79 ±0.02 
45 3.9 ± 0.4 7.5 ±1.5 30.4 ± 2.6 85 ± 14 0.6 ± 0.1 1.3 ± 0.1 0.9±0.1 
65 4.5 ± 0.6 9.1 ±1.8 31.0 ± 3.0 145 ± 25 0.6 ± 0.1 1.45 ± 0.02 1.1±0.1 
Fertilized 1.4 ± 0.1 2.3 ±0.8 29.5 ± 3.0 65 ± 12 0.6 ± 0.1 1.7 ± 0.1 0.7±0.1 
LSD 0.05 0.8*** 2.8*** 4.4* 33.6** ns 0.15* 0.21* 
Dewatered biosolids treated oats plots, 2007 
Dewatered biosolids Cu Zn Mn Fe Co Ni Pb 
0 1.54±0.04 0.95±0.7 19.2±2.4 79±22 0.36±0.04 1.23±0.07 0.7±0.1 
5 2.8±1.5 2.7±0.6 19.3±1.2 72±2 0.35±0.03 1.23±0.08 0.71±0.02 
25 4.4±1.1 7.5±1.7 22.4±2.8 116±22 0.41±0.06 1.42±0.06 0.95±0.06 
45 7.9±0.4 14.3±1.2 30.4±2.6 134±16 0.61±0.08 1.74±0.10 0.98±0.09 
65 9.7±0.2 16.5±1.7 31.3±0.6 182±28 0.64±0.04 1.79±0.08 1.09±0.04 
Fertilized 1.1±0.2 0.6±0.2 20.5±0.6 94±42 0.41±0.05 1.22±0.10 0.69±0.14 
LSD 0.05 1.18*** 2.27*** 2.97*** 39.81** 0.082*** 0.13*** 0.12*** 
The superscripts *, **, ***, and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.05, p < 0.01 p ≤ 0.001 and not significant, 
respectively. Values indicate means ± sd of triplicate measurements 
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Table J-3 DTPA extractable levels of heavy metals in composted biosolids amended soils from canola plots  in  2006 and 2007experiments (mg/kg) 
Composted biosolids treated canola plots, 2006 
Composted biosolids (t/ha) Cu Zn Mn Fe Co Ni Pb 
0 1.1 ± 0.1 1.2 ± 0.3 24 ± 6 46 ± 16 0.5 ± 0.1 1.0 ± 0.2 0.7 ± 0.2 
10 1.3 ± 0.2 2.2 ± 0.2 25 ± 3 45 ± 8 0.4 ± 0.1 1.1 ± 0.2 0.8 ± 0.2 
30 1.5 ± 0.2 5.7 ± 1.2 24 ± 3 66 ± 2 0.4 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 
50 2.1 ± 0.3 8 ± 2 24 ± 3 69 ± 4 0.5 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 
70 2.3 ± 0.2 9.9 ± 1.6 25 ± 1 123 ± 22 0.4 ± 0.01 1.2 ± 0.2 1.1 ± 0.1 
Fertilized 1.2 ± 0.1 1.7 ± 0.1 24 ± 2 85 ± 49 0.5 ± 0.1 1.1 ± 0.1 0.8 ± 0.2 
LSD 0.05 0.4*** 2.3*** ns 21*** ns ns 0.25* 
Composted biosolids treated canola plots, 2007 
Composted biosolids (t/ha) Cu Zn Mn Fe Co Ni Pb 
0 1.4±0.2 2.0±1.0 14±2 46±12 0.23±0.02 0.9±0.2 0.9±0.4 
10 1.5±0.3 4.0±2.0 16±2 22.1±0.1 0.28±0.04 0.9±0.3 0.5±0.3 
30 2.1±0.1 8.8±1.4 16±2 62±16 0.26±0.02 0.9±0.1 1.2±0.3 
50 2.6±0.2 14.7±0.2 19±1 77±2 0.32±0.03 1.1±0.01 2.04±0.02 
70 3.6±0.5 20.0±4.0 19±4 76±2 0.33±0.02 1±0.2 2.2±0.1 
Fertilized 1.1±0.1 1.6±0.7 20±7 42±17 0.37±0.24 0.9±0.1 0.60±0.06 
LSD 0.05 0.46*** 4.10*** ns 18.9*** 0.046** ns 0.51*** 
Measured (µg/L) 99 97 99 9942 99 99 94 
Certified (µg/L) 99 99 99 9900 99 99 99 
Recovery % 100 98 100 101 101 101 95 
The superscripts *, **, ***, and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.05, p < 0.01 p < 0.001 and not significant, 
respectively. 
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Table J-4 DTPA Extractable levels of heavy metals in composted biosolids amended soils from oats  plots in 2006 and 2007 experiments  (mg/kg) 
Composted biosolids treated oats plots, 2006 
composted biosolids Cu Zn Mn Fe Co Ni Pb 
0 0.9 ± 0.1 0.7 ±0.5 23.0 ± 3.0 40 ± 6 0.4 ±0.1 0.9 ± 0.2 0.7 ± 0.2 
10 1.2 ± 0.2 3.0 ±1.0 22.7 ± 0.4 55 ± 15 0.4 ± 0.1 0.9 ± 0.2 1.0 ± 0.1 
30 1.6 ± 0.3 5.5 ± 0.9 22.8 ± 0.2 90 ± 20 0.40 ± 0.04 0.9 ± 0.1 1.0 ± 0.1 
50 2.2 ± 0.1 12 ± 1 25.0 ± 1.0 95 ± 15 0.48 ±  0.04 1.1 ± 0.1 1.2 ± 0.2 
70 3.4 ± 0.1 18.7 ± 1 25.0 ±4 .0 102 ± 24 0.5 ± 0.1 1.1 ± 0.2 1.5 ± 0.2 
Fertilized 1.2 ± 0.3 1.5 ± 0.3 25.5 ± 2.4 77 ± 11 1.4 ± 0.8 1.2 ± 0.3 1.7 ± 0.1 
LSD 0.05 0.32*** 1.5*** ns 28.6** 0.1* ns 0.3** 
Composted biosolids treated oats plots, 2007 
composted biosolids (t/ha) Cu Zn Mn Fe Co Ni Pb 
0 1.4±0.2 0.50±0.03 17±2 51±16 0.28±0.04 1.21±0.12 0.6±0.1 
10 1.8±0.3 3.70±0.01 18±1 60±6 0.29±0.01 1.10±0.06 0.8±0.1 
30 2.2±0.2 8.9±1.4 16±2 83±6 0.25±0.02 1.05±0.09 1.0±0.1 
50 2.8±0.2 17.7±0.4 17±1 101±8 0.29±0.01 1.14±0.10 1.3±0.1 
70 3.4±0.1 23.7±1.4 23±6 154±8 0.36±0.04 1.14±0.05 1.9±0.2 
Fertilized 1.3±0.1 0.4±0.1 17±2 81±21 0.28±0.05 1.02±0.19 0.6±0.2 
LSD 0.05 0.4*** 1.48*** ns 37.61** ns ns 0.26*** 
The superscripts *, **, ***, and ns refers to significant treatment effects in ANOVA (F-test) at p < 0.05, p < 0.01 p ≤ 0.001 and not significant, 
respectively. 
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APPENDIX K 
 
Calibration standards used for the determination of NO3-N and PO4-P in soil and plant 
extracts 
 
 
 
 
 
Concentration (NO3) Peak height 
0 5 
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Concentration (NO3) Peak Height 
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Figure K-1 Shows the calibration curves used to determine the concentrations of NO3-N in soil 
and plant extracts using flow injection analysis 
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Concentrations ( PO4)  Peak height 
0 1 
0.2 47.66 
0.4 97 
0.6 143 
0.8 194.33 
1 240.33 
1.5 360.66 
2 476.33 
y = 238.52x + 1.2377
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Figure K-2  Shows the calibration curve used to determine the concentrations of phosphorus in 
soil and in plant extracts using flow injection analysis 
 
 
